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Lq wkh wudglwlrqdo dssurdfk wr frqvxphu ehkdylrxu lw lv dvvxphg wkdw
krxvhkrogv ehkdyh dv li wkh| zhuh vlqjoh ghflvlrq pdnlqj xqlwv1 Wklv ds0
surdfk kdv phwkrgrorjlfdo/ hpslulfdo dqg zhoiduh hfrqrplf gh￿flhqflhv1 D
ydoxdeoh dowhuqdwlyh wr wkh wudglwlrqdo prgho lv wkh froohfwlyh dssurdfk wr
krxvhkrog ehkdylrxu1 Wkh froohfwlyh dssurdfk h{solflwo| wdnhv dffrxqw ri
wkh idfw wkdw pdq| shuvrq krxvhkrogv frqvlvw ri vhyhudo phpehuv zklfk
pd| kdyh gl￿huhqw suhihuhqfhv1 Dprqj wkhvh krxvhkrog phpehuv/ dq lqwud0
krxvhkrog edujdlqlqj surfhvv lv dvvxphg wr wdnh sodfh1 Qh{w wr surylglqj
dq lqwurgxfwlrq wr wkh froohfwlyh dssurdfk/ wklv vxuyh| lqwhqgv wr vkrz
krz gl￿huhqw froohfwlyh krxvhkrog prghov/ hdfk zlwk wkhlu rzq dlpv dqg
dvvxpswlrqv/ duh frqqhfwhg1
Nh| zrugv= froohfwlyh krxvhkrog prghov/ krxvhkrog edujdlqlqj/ lqwud0
krxvhkrog doorfdwlrq/ frqvxpswlrq ehkdylrxu/ oderxu vxsso|1
￿Fhqwhu iru Hfrqrplf Vwxglhv/ Ndwkrolhnh Xqlyhuvlwhlw Ohxyhq/ Qddpvhvwuddw 9</ E0
6333 Ohxyhq/ Ehojlxp/ who1= .65+3,49659;39/ id{= .65+3,49659:<9/ h0pdlo= iuhg0
hulf1yhuphxohqChfrq1nxohxyhq1df1eh1 L zrxog olnh wr wkdqn Dqgu￿ Ghfrvwhu iru ydoxdeoh frp0
phqwv rq dq hduolhu yhuvlrq ri wklv sdshu1 L dp dovr lqghewhg wr Eduw Fds￿dx iru khosixo glvfxv0
vlrqv rq wkh vxemhfw1 Doo uhpdlqlqj huuruv duh plqh ri frxuvh1 Ilqdqfldo vxssruw ri wklv uhvhdufk
e| wkh uhvhdufk ixqg ri wkh Ndwkrolhnh Xqlyhuvlwhlw Ohxyhq +surmhfw RW <;236, lv judwhixoo|
dfnqrzohgjhg141 Lqwurgxfwlrq
Lq wkh Irxqgdwlrqv ri Hfrqrplf Dqdo|vlv/ Vdpxhovrq rshqv wkh fkdswhu ghdolqj
zlwk wkh edvlf wkhru| ri frqvxphu ehkdylrxu zlwk wkh iroorzlqj dvvhuwlrq= Li
rqh zhuh orrnlqj iru d vlqjoh fulwhulrq e| zklfk wr glvwlqjxlvk prghuq hfrqrplf
wkhru| iurp lwv fodvvlfdo suhfxuvruv/ kh zrxog suredeo| ghflgh wkdw wklv lv wr eh
irxqg lq wkh lqwurgxfwlrq ri wkh vr0fdoohg vxemhfwlyh wkhru| ri ydoxh lqwr hfrqrplf
wkhru| +Vdpxhovrq/ 4<7:/ s1 <3,1 Lqghhg/ rqh ri wkh fruqhuvwrqhv ri wudglwlrqdo
plfurhfrqrplf wkhru|/ lv wkh dvvxpswlrq wkdw dq lqglylgxdo*v ghvluhv dqg wdvwhv
duh fdswxuhg e| khu rzq udwlrqdo suhihuhqfhv wkdw ghwhuplqh khu ehkdylrxu1 Lq
wkhlu wxuq/ suhihuhqfhv duh xvxdoo| dvvxphg wr eh uhsuhvhqwdeoh e| d {hg xwlolw|
ixqfwlrq1 Wkh frqvxphu*v fkrlfh sureohp wkhq/ uhgxfhv wr wkh pd{lplvdwlrq ri wklv
xwlolw| ixqfwlrq/ vxemhfw wr khu exgjhw frqvwudlqw wkdw ghqhv wkh vhw ri dowhuqdwlyhv
ehwzhhq zklfk vkh fdq fkrrvh1 Wklv sduwlfxodu vhw0xs ohdgv wr wkh zhoo0nqrzq
uhvwulfwlrqv ri dgglqj0xs/ krprjhqhlw|/ v|pphwu| dqg qhjdwlyh vhplghqlwhqhvv
ri wkh Voxwvn| pdwul{ rq ghpdqg ixqfwlrqv/ zklfk fdq eh whvwhg e| phdqv ri
revhuydeoh frqvxpswlrq dqg oderxu vxsso|1 Frqyhuvho|/ ghpdqg wkdw vdwlvhv
wkhvh wkhruhwlfdo uhvwulfwlrqv fdq eh vkrzq wr eh lqwhjudeoh wr d udwlrqdo suhihuhqfh
rughulqj1
Dv wr d ghqlwlrq ri wklv cfrqvxphu*/ wudglwlrqdo plfurhfrqrplfv uhpdlqv udwkhu
revfxuh1 Vwdwh ri wkh duw uhihuhqfhv ri frqvxphu wkhru| olnh Ghdwrq dqg Pxhoo0
edxhu +4<;3, dqg Eduwhq dqg Eùkp +4<;5, wuhdw ckrxvhkrogv* dqg cfrqvxphuv* doo
dolnh/ ru gr qrw sd| dq| dwwhqwlrq wr d suhflvh ghqlwlrq1 Wkh vdph dssolhv wr prvw
hpslulfdo dssolfdwlrqv zlwk uhjdug wr krxvhkrog frqvxpswlrq ru oderxu vxsso|/
zkhuh vlqjoh lqglylgxdo krxvhkrogv duh oxpshg wrjhwkhu zlwk krxvhkrogv frqvlvwlqj
ri vhyhudo phpehuv +vhh Eoxqghoo dqg Zdonhu/ 4<;9/ Eurzqlqj dqg Phjklu/ 4<<4/
Edqnv hw doll/ 4<<: dqg Eoxqghoo dqg Urelq/ 5333/ iru vrph uhfhqw h{dpsohv,1
Lpsolflwo|/ wkh wudglwlrqdo dssurdfk dvvxphv wkdw d krxvhkrog/ hyhq frqvlvw0
lqj ri glhuhqw lqglylgxdov/ dfwv dv d vlqjoh ghflvlrq pdnlqj xqlw1 Frqvhtxhqwo|/
krxvhkrog frqvxpswlrq dqg oderxu vxsso| duh vhhq dv wkh revhuydeoh uhvxow ri wkh
pd{lplvdwlrq ri +{hg, krxvhkrog suhihuhqfhv/ frqvwudlqhg e| d krxvhkrog exgjhw
uhvwulfwlrq1 Wklv lv fdoohg wkh xqlwdu| prgho lq zkdw iroorzv1
Wklv xqlwdu| prgho krzhyhu/ frphv pruh dqg pruh xqghu uh1 Lw lv dwwdfnhg e|
phwkrgrorjlfdo/ hpslulfdo dqg zhoiduh hfrqrplf dujxphqwv1 Phwkrgrorjlfdoo|/r q h
fdq dujxh wkdw wkh qrwlrq ri vxemhfwlyh suhihuhqfhv lv lqvhsdudeoh iurp phwkrg0
rorjlfdo lqglylgxdolvp/ wkdw dvvhuwv wkdw vrfldo wkhrulhv vkrxog uxq lq whupv ri wkh
ehkdylrxu ri lqglylgxdov +vhh/ h1j1/ Eodxj/ 4<;3,1 Wklv zrxog sohdg iru dq dssurdfk
wkdw h{solflwo| wdnhv lqwr dffrxqw wkdw d krxvhkrog lv d jurxs ri lqglylgxdov/ zlwk
glhuhqw suhihuhqfhv/ dqg dprqj zkrp dq lqwudkrxvhkrog ghflvlrq pdnlqj surfhvv
wdnhv sodfh1 Ri frxuvh/ dv orqj dv krxvhkrog suhihuhqfhv frlqflgh wr wkhvh ri rqh
5lqglylgxdo/ hyhu|wklqj lv jrlqj ehdxwlixoo| iru wkh xqlwdu| prgho/ wkdw dvvxphv
wkdw krxvhkrogv dfw dv d vlqjoh ghflvlrq pdnhu1 D glvwlqfwlrq ehwzhhq lqglylg0
xdo suhihuhqfhv dqg krxvhkrog suhihuhqfhv lv wkhq vrphzkdw luuhohydqw wr prgho
krxvhkrog ehkdylrxu1 Klvwrulfdoo|/ wkhuh lv shukdsv vrphwklqj wr vd| iru wklv1 Hduo|
frqwulexwruv wr wkh wkhru| ri frqvxpswlrq ehkdylrxu/ h1j1/ xvh wkurxjkrxw wkhlu
wuhdwlvhv zrugv olnh cfrqvxphu*/ ckrxvhkrog pdqdjhu* ru ckrxvhkrog ohdghu* rq dq
htxdo edvh +Ndxghu/ 4<98,1 Wklv vhhpv wr vxjjhvw wkdw krxvhkrog suhihuhqfhv xvhg
wr frlqflgh wr wkhvh ri d vshflf krxvhkrog phpehu41 Exw dv vrrq dv wklv lv qrw
wkh fdvh dq| pruh/ wkh sureohp jhwv pruh frpsolfdwhg1
Lq idfw/ d krxvhkrog fdq eh vhhq dv d plfurvrflhw| wkdw frqvlvwv ri vhyhudo
lqglylgxdov zlwk rzq udwlrqdo suhihuhqfhv1 Revhuyhg krxvhkrog frqvxpswlrq dqg
oderxu vxsso| fdq lq wklv vhqvh eh frqvlghuhg dv wkh vrfldo vwdwh fkrvhq e| wkh
krxvhkrog phpehuv1 Uhihuulqj wr Duurz*v lpsrvvlelolw| wkhruhp krzhyhu/ dq dj0
juhjdwh ri lqglylgxdov qrw qhfhvvdulo| ehkdyhv dv d vlqjoh lqglylgxdo zlwk rzq
udwlrqdo suhihuhqfhv1 Dffruglqjo|/ lw fdq eh dujxhg wkdw wkh xqlwdu| prgho dfwv dv
dq hpslulfdo vwudlw0mdfnhw iru revhuydeoh krxvhkrog frqvxpswlrq dqg oderxu vxs0
so|1 D uvw uhvwulfwlrq ri wkh xqlwdu| prgho lv wkdw lqglylgxdo qrqoderxu lqfrphv
ri wkh krxvhkrog phpehuv duh srrohg lq d vlqjoh krxvhkrog qrqoderxu lqfrph1
Wklv clqfrph srrolqj k|srwkhvlv* lpsolhv wkdw wkh vrxufh ri wklv h{rjhqrxv lqfrph
grhv qrw sod| dq| uroh lq wkh krxvhkrog*v doorfdwlrq zlwk uhjdug wr oderxu vxsso|
dqg frqvxpswlrq1 Qrw vxusulvlqjo|/ wklv uhvwulfwlrq kdv ehhq vwurqjo| uhmhfwhg lq
qxphurxv hpslulfdo vwxglhv +vhh/ h1j1/ Wkrpdv/ 4<<3/ Erxujxljqrq hw doll/ 4<<6/
Eurzqlqj hw doll/ 4<<7/ Oxqgehuj hw doll/ 4<<: dqg Iruwlq dqg Odfurl{/ 4<<:,1 D
vhfrqg hpslulfdo gudzedfn wrxfkhv xsrq wkh v|pphwu| ri wkh Voxwvn| pdwul{1
Wklv erlov grzq wr wkh uhtxluhphqw wkdw pdujlqdo frpshqvdwhg zdjh fkdqjhv ri
wzr lqglylgxdov lq d krxvhkrog kdyh wkh vdph hhfw rq hdfk rwkhu*v oderxu vxsso|1
Dovr wklv wkhruhwlfdo uhvwulfwlrq lv hpslulfdoo| uhmhfwhg +vhh/ dprqj pdq| rwkhuv/
Iruwlq dqg Odfurl{/ 4<<: dqg Eurzqlqj dqg Fkldssrul/ 4<<;,1 Wklugo|/ frqvlg0
hulqj krxvhkrogv wr ehkdyh dv vlqjoh ghflvlrq pdnhuv lpsolhv dovr wkh iroorzlqj1
Zkhq dq lqglylgxdo lv qrw sduwlflsdwlqj lq wkh oderxu pdunhw +l1h1/ lv dw d fru0
qhu vroxwlrq,/ wkhq lw lv wkh uhvhuydwlrq zdjh/ udwkhu wkdq wkh pdunhw zdjh/ ri
wkdw lqglylgxdo wkdw dhfwv wkh oderxu vxsso| ghflvlrq ri dqrwkhu krxvhkrog php0
ehu1 Wklv dvvxpswlrq vhhpv wr eh idu iurp lqqrfxrxv +Eoxqghoo hw doll/ 4<<; dqg
Eoxqghoo dqg PdFxug|/ 4<<<,1
Vrphzkdw orrvh ri wkh srvlwlyh prghoolqj ri krxvhkrog ehkdylrxu/ lv wkh qru0
4Wklv k|srwkhvlv pd| dovr ￿qg vrph vxssruw lq wkh vrflrorjlfdo olwhudwxuh rq prqh| pdq0
djhphqw lq krxvhkrogv1 Sdko +4<;<,/ h1j1/ glvwlqjxlvkhv ehwzhhq irxu sdwwhuqv ri prqh| pdqdjh0
phqw1 Rqh ri wkhvh w|shv lv wkh vr0fdoohg czkroh zdjh v|vwhp*/ zkhuh rqh sduwqhu lv uhvsrqvleoh
iru doprvw doo krxvhkrog h{shqglwxuhv1 Wkdw sduwqhu/ xvxdoo| wkh zlih/ vroho| doorfdwhv krxvh0
krog*v phdqv/ wdnlqj lqwr dffrxqw wkh qhhgv ri doo krxvhkrog phpehuv1 Hvshfldoo| lq wkh oderxu
fodvv/ wklv v|vwhp zdv zlghvsuhdg xqwlo wkh ehjlqqlqj ri wkh wzhqwlhwk fhqwxu|1
6pdwlyh zhoiduh dqdo|vlv1 Khuh wrr/ wkh xqlwdu| prgho hpeudfhv vrph/ shukdsv
xqh{shfwhg/ gl!fxowlhv1 Zlwkrxw yhu| vwurqj dvvxpswlrqv/ wkh xqlwdu| prgho
grhv qrw doorz wr vd| vrphwklqj rq wkh lqwudkrxvhkrog doorfdwlrq ri frqvxpswlrq
dqg oderxu vxsso|/ dqg frqvhtxhqwo|/ ri zhoiduh1 Wudglwlrqdo zhoiduh hfrqrplf
prghov +h1j1/ rq rswlpdo wd{dwlrq, rqo| frqvlghu wkh glvwulexwlrq ri zhoiduh ryhu
krxvhkrogv1 Hlwkhu wklv lpsolhv wkdw wkh zhoiduh ri lqglylgxdov zlwklq d krxvhkrog
lv xqlpsruwdqw/ ru wkdw wkh lqwudkrxvhkrog glvwulexwlrq lv rswlpdo iru wkh srolf|
pdnhu +vhh/ h1j1/ Erxujxljqrq dqg Fkldssrul/ 4<<7,1 Dssv dqg Uhhv +4<;;, dqg
Euhww +4<<;, kdyh vkrzhg krzhyhu/ wkdw zkhq hydoxdwlqj wkh zhoiduh hhfwv ri
wd{ fkdqjhv/ lqwudkrxvhkrog glvwulexwlrqdo hhfwv fdq lq jhqhudo qrw eh ljqruhg1
Pruhryhu/ wdnlqj lqwr dffrxqw wkh glvwulexwlrq ri zhoiduh zlwklq d krxvhkrog/ pd|
gudvwlfdoo| fkdqjh wkh ohyho ri sryhuw| ru lqhtxdolw| +Kdggdg dqg Ndqexu/ 4<<3,1
Doghupdq hw doll +4<<8, dujxh wkdw dffhswdqfh ri wkh xqlwdu| prgho/ zkhq lw lv
lqdssursuldwh/ kdv pruh vhulrxv frqvhtxhqfhv iru srolf| suhvfulswlrqv wkdq grhv
uhmhfwlqj wkh xqlwdu| prgho zkhq lw lv dssursuldwh1 Hvshfldoo| lq surjudpv wkdw
wdujhw lqglylgxdov lq fhuwdlq jurxsv +h1j1/ zrphq ru fkloguhq,/ nqrzohgjh ri wkh
lqwudkrxvhkrog ghflvlrq surfhvv pd| eh lpsruwdqw1 Iru vrph rwkhu vwxglhv wkdw ir0
fxv rq wkh lpsolfdwlrqv ri xvlqj xqlwdu| prghov iru zhoiduh hfrqrplf sureohpv/ vhh
Oxqgehuj dqg Sroodn +4<<9,/ Sklssv dqg Exuwrq +4<<9, dqg Vwudxvv hw doll +5333,1
Hduo| dwwhpswv wkdw dffrxqw iru wkh idfw wkdw krxvhkrogv pd| frqvlvw ri gli0
ihuhqw lqglylgxdov zlwk rzq suhihuhqfhv duh Vdpxhovrq +4<89, dqg Ehfnhu +4<:7d/
4<:7e,1 Vdpxhovrq +4<89, lpsrvhv vxfk d vwuxfwxuh rq wkh krxvhkrog ghflvlrq
pdnlqj sureohp vr wkdw wkh krxvhkrog xwlolw| ixqfwlrq froodsvhv wr d xqlwdu| rqh1
Klv vroxwlrq dprxqwv wr wkh dvvxpswlrq ri d zhdno| vhsdudeoh krxvhkrog xwlolw|
ixqfwlrq/ zlwk wkh lqglylgxdov* xwlolw| ixqfwlrqv dv vxexwlolw| ixqfwlrqv1 Wkh irup
ri wklv djjuhjdwlrq ixqfwlrq zrxog eh dfklhyhg e| frqvhqvxv dprqj wkh lqglylg0
xdov51 E| pdnlqj xvh ri wklv dujxphqw/ rqh fdq ri frxuvh dovr dvvxph wkdw wkh
krxvhkrog phpehuv ghflgh wr ehkdyh dv vrph lpdjlqdu| vlqjoh lqglylgxdo zlwk
udwlrqdo suhihuhqfhv/ zlwkrxw kdylqj uhfrxuvh wr zhdno| vhsdudeoh suhihuhqfhv1
Ehfnhu*v +4<:7d/ 4<:7e, dssurdfk lv forvho| uhodwhg wr Vdpxhovrq*v1 Exw lqvwhdg
ri dvvxplqj wkdw krxvhkrog phpehuv djuhh wr ehkdyh dv dq lpdjlqdu| lqglylgxdo/
kh uhvruwv wr d ehqhyrohqw khdg ri wkh idplo|/ zkr wdnhv lqwr dffrxqw wkh suhihu0
hqfhv ri doo krxvhkrog phpehuv1 Djdlq wklv dffrugv zlwk zhdno| vhsdudeoh udwlrqdo
krxvhkrog suhihuhqfhv1 Wzr lpsruwdqw uhpdunv vkrxog eh pdgh zlwk uhjdug wr
wkhvh dssurdfkhv1 Iluvw/ rqh pd| dujxh wkdw Duurz*v lpsrvvlelolw| wkhruhp srsv
xs rqfh djdlq/ li krxvhkrog phpehuv duh wu|lqj wr uhdfk vrph udwlrqdo frqvhqvxv
krxvhkrog prgho1 Vhfrqg/ erwk dssurdfkhv djdlq sxw krxvhkrog frqvxpswlrq dqg
5Shukdsv wklv fdq eh ylhzhg dv d +vpdoo, frqfhvvlrq wr wkh ￿kdug| vrxov ^zkr‘ zloo sxuvxh wkh
zloo0r*0wkh0zlvs ri vryhuhljqw| zlwklq wkh idplo| vr dv wr uhgxfh hyhq wkhvh froohfwlyh lqgl￿huhqfh
fxuyhv wr dq lqglylgxdolvwlf edvlv￿ +Vdpxhovrq/ 4<7:/ s1 557,1
7oderxu vxsso| lq wkh vwudlw0mdfnhw ri wkh xqlwdu| prgho wkdw lv wrr uhvwulfwlyh1
D pruh iuxlwixo dssurdfk/ lv wkdw ri Pdqvhu dqg Eurzq +4<;3, dqg PfHour|
dqg Kruqh| +4<;4,1 Wkh| lqfrusrudwh lq d krxvhkrog prgho hohphqwv ri frrshu0
dwlyh jdph wkhru|> pruh vshflfdoo| ri d{lrpdwlf edujdlqlqj wkhru|1 Krxvhkrog
phpehuv duh wkh djhqwv wkdw wu| wr frph wr dq djuhhphqw rq krz wr glylgh wkh
jdlqv ri frrshudwlrq> lq wklv fdvh ri olylqj wrjhwkhu1 Ghshqglqj rq wkh edujdlqlqj
srzhu ri wkh krxvhkrog phpehuv/ d vshflf lqwudkrxvhkrog doorfdwlrq ri zhoiduh
lv rewdlqhg1 Pdqvhu dqg Eurzq +4<;3, ghulyh wkh lpsolfdwlrqv rq ghpdqg iru
edujdlqlqj frqfhswv olnh wkh glfwdwruldo/ wkh Qdvk dqg wkh Ndodl0Vprurglqvn|
vroxwlrq1 PfHour| dqg Kruqh| +4<;4,/ rq wkh rwkhu kdqg/ irfxv rq wkh Qdvk edu0
jdlqlqj vroxwlrq dqg ghulyh frqglwlrqv iru d Qdvk ghpdqg v|vwhp wr froodsvh wr d
wudglwlrqdo xqlwdu| prgho1
Dq lpsruwdqw fulwltxh rq wkh dssurdfk ri fkrrvlqj d sduwlfxodu edujdlqlqj
frqfhsw wr prgho krxvhkrog ehkdylrxu/ lv wkdw li wkh hpslulfdo lpsolfdwlrqv ri lw
duh uhmhfwhg/ lw lv lpsrvvleoh wr ghwhuplqh zkhwkhu wkh sduwlfxodu fkrlfh lwvhoi lv
uhmhfwhg ru wkh edujdlqlqj vhwwlqj lq jhqhudo/ dv rssrvhg wr wkh xqlwdu| prgho1
Wkhuhiruh/ Fkldssrul +4<;;d/ 4<<5, wdnhv dq dowhuqdwlyh vwduwlqj srlqw1 Wkh rqo|
dvvxpswlrq kh pdnhv/ lv wkdw lqwudkrxvhkrog ghflvlrqv duh Sduhwr h!flhqw/ l1h1 qr
rqh lqglylgxdo fdq eh pdgh ehwwhu r zlwkrxw pdnlqj dqrwkhu krxvhkrog php0
ehu zruvh r1 Wkxv frqwudu| wr/ h1j1/ Pdqvhu dqg Eurzq +4<;3,/ qr uhvwulfwlrq
lv lpsrvhg d sulrul rq zklfk srlqw rq wkh Sduhwr iurqwlhu zloo eh fkrvhq e| wkh
krxvhkrog1 Hyhq wklv yhu| zhdn uhvwulfwlrq doorzv wr ghulyh vrph whvwdeoh lpsolfd0
wlrqv ri wkh prgho dqg lghqwli| dq lpsruwdqw sduw ri wkh lqwudkrxvhkrog ghflvlrq
pdnlqj surfhvv dqg lqglylgxdo suhihuhqfhv1 Lq zkdw iroorzv/ zh zloo fdoo wklv wkh
froohfwlyh dssurdfk wr krxvhkrog ehkdylrxu1 Lw fdq eh vkrzq wkdw wklv froohfwlyh
prgho ohdgv wr krxvhkrog suhihuhqfhv wkdw duh ghshqghqw rq zdjhv/ sulfhv dqg
lqglylgxdo qrqoderxu lqfrphv1 Wkh suhvhqfh ri wkh odwwhu lq wkh krxvhkrog*v suhi0
huhqfhv uh hfwv wkh idfw wkdw wkh glvwulexwlrq ri wkh edujdlqlqj srzhu zlwklq d
krxvhkrog pd| ghshqg rq wkh ohyho ri hdfk ri wkhvh yduldeohv1 Zkdw lv lpsruwdqw
lq wkh oljkw ri wkh hpslulfdo ghflhqflhv ri wkh xqlwdu| prgho/ lv wkdw wklv froohfwlyh
dssurdfk lv deoh wr udlvh wkhvh1 Wkh lqfrph srrolqj k|srwkhvlv/ h1j1/ lv qrw qhfhv0
vdulo| wr eh vdwlvhg dq| pruh1 Wkh vdph dssolhv iru d froohfwlyh jhqhudolvdwlrq ri
Voxwvn| v|pphwu|1
Judgxdoo|/ wkh froohfwlyh dssurdfk kdv irxqg dffhswdqfh lq uhfhqw plfurhfr0
qrplf wkhru|1 Zkloh Fkldssrul +4<;;d/ 4<<5, lqlwldoo| frqfhqwudwhg rq oderxu
vxsso| ehkdylrxu lq d furvv0vhfwlrqdo frqwh{w/ wkh dssurdfk kdv ehhq h{whqghg lq
vhyhudo gluhfwlrqv1 Eurzqlqj hw doll +4<<7,/ h1j1/ ghulyhg d froohfwlyh prgho wr gh0
vfuleh krxvhkrog frqvxpswlrq rq furvv0vhfwlrqv1 Eurzqlqj dqg Fkldssrul +4<<;,/
rq wkh rwkhu kdqg/ frqvlghu dq hqylurqphqw ri uhodwlyh sulfh yduldwlrq iru d qxp0
ehu ri frpprglwlhv1 Lq Fkldssrul +4<<:,/ krxvhkrog surgxfwlrq lv lqwurgxfhg lq
8d froohfwlyh prgho ri oderxu vxsso|1 Gxh wr wkh pxowlwxgh ri froohfwlyh krxvhkrog
prghov/ lw lv vrphwlphv gl!fxow wr vhh wkh zrrg iru wkh wuhhv1 Qh{w wr surylglqj
d pruh wkrurxjk lqwurgxfwlrq wr froohfwlyh krxvhkrog prghov/ wklv vxuyh| lqwhqgv
wr vkrz krz wkh glhuhqw prghov/ hdfk zlwk wkhlu rzq dlpv dqg dvvxpswlrqv/ duh
frqqhfwhg1 Vwduwlqj iurp Eurzqlqj dqg Fkldssrul*v +4<<;, jhqhudo prgho/ lw lv
vkrzq wkdw pdq| froohfwlyh krxvhkrog prghov duh vshfldo fdvhv ri wkh odwwhu1
Wkh sdshu lv vwuxfwxuhg dv iroorzv1 Vhfwlrq 5 ghvfulehv wkh edvlf frqfhswv
ri wkh froohfwlyh dssurdfk wr krxvhkrog ehkdylrxu1 Fhqwudo lq wklv glvfxvvlrq lv
wkh jhqhudo froohfwlyh krxvhkrog prgho ri Eurzqlqj dqg Fkldssrul +4<<;,1 Lq
vhfwlrq 6/ dwwhqwlrq lv irfxvhg rq vhyhudo froohfwlyh prghov wkdw duh qhvwhg lq wkh
jhqhudo prgho1 Erwk vshflf oderxu vxsso| dqg frqvxpswlrq prghov jhw d fkdqfh1
Wkh irxuwk vhfwlrq frqwdlqv d vxshufldo glvfxvvlrq rq wkh dowhuqdwlyh dssurdfk ri
fkrrvlqj sduwlfxodu edujdlqlqj frqfhswv wr prgho krxvhkrog ehkdylrxu1 Vhfwlrq 8
frqfoxghv1
51 Wkh froohfwlyh dssurdfk wr krxvhkrog ehkdylrxu= d jhq0
hudo prgho
Dv douhdg| phqwlrqhg lq wkh lqwurgxfwlrq/ wklv vhfwlrq irfxvhv rq wkh jhqhudo
froohfwlyh krxvhkrog prgho ri Eurzqlqj dqg Fkldssrul +4<<;,1 Dowkrxjk wklv
prgho frxog lqfoxgh ohlvxuh +dv wkh frpsohphqw ri oderxu vxsso|,/ wklv zdv qrw
pdgh h{solflw lq wkhlu sdshu1 Wr eh deoh wr sodfh wkh vshflf froohfwlyh prghov
ri wkh qh{w vhfwlrq/ zh zloo voljkwo| h{whqg wkh Eurzqlqj dqg Fkldssrul prgho
zlwk ohlvxuh1 Ehiruh wkh froohfwlyh dssurdfk lv uhylhzhg krzhyhu/ zh vwduw zlwk
wkh wudglwlrqdo xqlwdu| prgho1 Wklv doorzv erwk wkh lqwurgxfwlrq ri vrph fruh
qrwdwlrq dqg d glvfxvvlrq ri wkh ghflhqflhv ri wkh xqlwdu| prgho1
5141 Wkh xqlwdu| prgho dv dq lqwurgxfwlrq wr froohfwlyh krxvhkrog prg0
hov
Wkh vwdqgdug wkhru| ri frqvxphu ehkdylrxu lv dq h{dpsoh sdu h{fhoohqfh ri wkh
hfrqrplf sureohp= krxvhkrogv kdyh qhhgv dqg ghvluhv wkdw wkh| zdqw wr vdwlvi|1
Exw wkh| kdyh wr pdnh fkrlfhv/ vlqfh wkh| duh uhvwulfwhg lq wkhlu srvvlelolwlhv1 D
ixqgdphqwdo dvvxpswlrq ri wkh xqlwdu| dssurdfk wr krxvhkrog ehkdylrxu lv wkdw d
krxvhkrog*v qhhgv dqg ghvluhv duh ixoo| fdswxuhg e| d udwlrqdo suhihuhqfh rughulqj
ryhu dowhuqdwlyh frqvxpswlrq dqg ohlvxuh exqgohv61W k h v hsuhihuhqfhv duh xvxdoo|
6Udwlrqdo suhihuhqfhv duh khuh gh￿qhg dv d suhihuhqfh rughulqj wkdw lv erwk frpsohwh dqg
wudqvlwlyh1 Frpsohwhqhvv vd|v wkdw wkh frqvxphu kdv d zhoo0gh￿qhg suhihuhqfh ehwzhhq dq|
wzr exqgohv lq wkh frqvxpswlrq dqg ohlvxuh vhw1 Wudqvlwlylw| +ru frqvlvwhqf|, h{foxghv f|folfdo
suhihuhqfhv lq vhtxhqfhv ri sdluzlvh fkrlfhv ehwzhhq exqgohv1
9dvvxphg wr eh uhsuhvhqwdeoh e| dq/ xs wr d prqrwrqh lqfuhdvlqj wudqvirupdwlrq/
xqltxh zhoo0ehkdyhg xwlolw| ixqfwlrq1 Irupdoo|/ wkh xwlolw| ixqfwlrq iru d krxvhkrog










zkhuh  lv d vwurqjo| txdvl0frqfdyh/ lqfuhdvlqj dqg wzlfh frqwlqxrxvo| glhuhq0




n/ dqg wkh lqglylgxdov* ohlvxuh dprxqwv ^￿
f dqg ^￿
f / erwk
5 LU n1 Krxvhkrog uhvrxufhv krzhyhu/ duh olplwhg1 Wkh ixoo exgjhw frqvwudlqw ri

















nn lv wkh sulfh yhfwru/ U 5 LU nn lv wkh zdjh udwh ri
krxvhkrog phpehu U EU ' c/ +U 5 LU n lv wkh shuvrqdo qrqoderxu lqfrph ri U
EU ' c/ +M lv wkh krxvhkrogv* qrqoderxu lqfrph wkdw fdqqrw eh dvvljqhg wr
rqh ri lwv phpehuv dqg A lv wkh wlph hqgrzphqw1 Wkh krxvhkrog*v fkrlfh sureohp





















/ wkh cixoo* sulfh yhfwru/ dqg +7 ' +￿n+￿n+M wkh djjuhjdwh qrq0
oderxu lqfrph1 Wklv pd{lplvdwlrq sureohp uhvxowv lq d vhw ri ?n2glhuhqwldeoh
Pduvkdooldq frpprglw| dqg ohlvxuh ghpdqg ixqfwlrqv=








Wkhvh ghpdqg ixqfwlrqv kdyh wkh iroorzlqj zhoo0nqrzq surshuwlhv=
dgglqj xs= h T￿}
￿
+7 n ￿A n ￿Ach T
￿















Voxwvn| v|pphwu|= 5 ' 5










Ch s3 ghqrwhv wkh pdwul{ ri h￿hfwv rq ghpdqg gxh wr d pdujlqdo fkdqjh lq
wkh sulfhv/ zlwk ixoo lqfrph
￿
|V . zDW . zEW
￿
nhsw frqvwdqw1 Ri frxuvh/ iru sulfh fkdqjhv
ri wkh frqvxpswlrq jrrgv t wkhuh lv qrwklqj qhz xqghu wkh vxq1 Dv wr pdujlqdo fkdqjhv lq
wkh zdjh udwhv krzhyhu/ rqh vkrxog uhphpehu wkdw wklv lqgxfhv/ dsduw iurp wkh xvxdo sulfh






C+|V.zDW.zEW,/ L @ D>E1
:Wkh hpslulfdo whvwlqj ri wkhvh uhvwulfwlrqv zhqw kdqg lq kdqg zlwk ghyhors0
phqwv lq frqvxphu wkhru|1 H{fhsw iru wkh qdwxudo dgglqj xs frqglwlrq/ hdfk
ri wkhvh uhvwulfwlrqv zhuh uhshdwhgo| uhmhfwhg lq ydulrxv vwxglhv +vhh Ghdwrq dqg
Pxhooedxhu/ 4<;3 dqg Eoxqghoo/ 4<;; iru vrph hylghqfh dqg lqwhusuhwdwlrq,1 Wkh
vxffhvvlyh uhmhfwlrqv ri wkh uhvwulfwlrqv rq ghpdqg glg qrw dw doo ohdg wr d ido0
vlfdwlrq ri wkh vwdqgdug wkhru| ri frqvxphu ehkdylrxu1 Pdq| uhmhfwlrqv zhuh
lqwhusuhwhg dv gxh wr gdwd sureohpv/ lqdghtxdwh ixqfwlrqdo irupv ru rwkhu vshfl0
fdwlrq lvvxhv/ udwkhu wkdq wr wkh edvlf wkhru| lwvhoi +vhh/ h1j1/ Nhx}hqndps dqg
Eduwhq/ 4<<8,1 H{fhsw iru vrph uhqhphqwv +g|qdplf prghov zlwk kdelw irupd0
wlrq/ lqfrusrudwlrq ri ghprjudsklf hhfwv lq ghpdqg dqdo|vlv/ hwf1,/ wkh| glg qrw
hqg lq d ixqgdphqwdo fkdqjh lq wkh vwdqgdug frqvxphu wkhru|1
Dsduw iurp wkh deryh wkhruhwlfdo uhvwulfwlrqv rq ghpdqg/ wkh xqlwdu| prgho
dovr lpsolhv wkh clqfrph srrolqj k|srwkhvlv*1 Wklv dvvhuwv wkdw wkh vrxufh ri wkh
qrqoderxu lqfrph grhv qrw sod| dq| uroh lq wkh krxvhkrog*v doorfdwlrq sureohp1 Lw
lv hdvlo| vhhq iurp htxdwlrq +514, wkdw pdujlqdo fkdqjhv ri wkh glhuhqw qrqoderxu








Y+71D o v rw k l v
uhvwulfwlrq kdv ehhq uhmhfwhg rq qxphurxv rffdvlrqv +vhh Erxujxljqrq hw doll/ 4<<6/
Eurzqlqj hw doll/ 4<<7/ Oxqgehuj hw doll/ 4<<: dqg Iruwlq dqg Odfurl{/ 4<<:/ iru
rqo| d ihz h{dpsohv,1 Frqwudu| wr wkh vwdwlvwlfdo whvwlqj dqg uhmhfwlrq ri wkh
xvxdo uhvwulfwlrqv ri ghpdqg wkhru|/ lw lv shukdsv dujxdeoh wkdw uhmhfwlrqv ri wkh
lqfrph srrolqj k|srwkhvlv sdyhg wkh zd| iru d pruh ixqgdphqwdo uhlqwhusuhwdwlrq
ri frqvxphu wkhru|1 Wkh glvwlqjxlvklqj fkdudfwhulvwlf ri wklv uhlqwhusuhwdwlrq lv
wkh idfw wkdw krxvhkrogv frqvlvw ri vhyhudo lqglylgxdov/ zkr pd| kdyh glhuhqw
suhihuhqfhv/ dqg dprqj zkrp dq lqwudkrxvhkrog ghflvlrq pdnlqj surfhvv wdnhv
sodfh1
5151 D jhqhudo froohfwlyh krxvhkrog prgho
515141 Suhihuhqfhv/ frpprglwlhv dqg wkh krxvhkrog exgjhw frqvwudlqw
Lq zkdw iroorzv/ zh zloo nhhs rq irfxvlqj rq krxvhkrogv frqvlvwlqj ri wzr zrunlqj0
djh lqglylgxdov  dqg 1 Frqwudu| wr wkh xqlwdu| dssurdfk wr krxvhkrog ehkdy0
lrxu/ hdfk ri wkhvh lqglylgxdov lv fkdudfwhulvhg e| khu ru klv rzq udwlrqdo suhihu0
hqfhv1 Suhihuhqfhv duh dvvxphg wr eh yhu| jhqhudo/ lq wkdw wkh| duh ghqhg ryhu
erwk rqh*v rzq frqvxpswlrq dqg ohlvxuh dqg wkh rwkhu lqglylgxdo*v frqvxpswlrq
dqg ohlvxuh1 Wkxv/ h{whuqdolwlhv lq frqvxpswlrq ru ohlvxuh duh doorzhg1 Wkhvh h{0
whuqdolwlhv fdq eh srvlwlyh ru qhjdwlyh1 Wkhuh zrxog eh d srvlwlyh h{whuqdolw| zlwk
uhjdug wr ohlvxuh/ h1j1/ li erwk krxvhkrog phpehuv hqmr| hdfk rwkhu*v frpsdq|
dqg vshqg wkhlu ohlvxuh wlph wrjhwkhu1 D qhjdwlyh h{whuqdolw|/ h1j1/ zrxog rffxu
li rqh lqglylgxdo glvolnhv wkh rwkhu lqglylgxdo*v frqvxpswlrq ri wredffr1 Ixuwkhu/
wkhuh lv qr uhvwulfwlrq rq wkh fkdudfwhu ri wkh frpprglwlhv lq wkh frqvxpswlrq
;yhfwru1 Frpprglwlhv fdq eh frqvxphg sulydwho|/ sxeolfo| ru erwk1 Vriw gulqnv
fohduo| kdyh d sulydwh fkdudfwhu/ vlqfh iru hdfk erwwoh ri frnh frqvxphg e| rqh
lqglylgxdo/ wkhuh lv rqh erwwoh ohvv iru wkh rwkhu rqh1 Uhqw/ h1j1/ lv d sxeolf jrrg1
Frqvxpswlrq ri lw e| rqh lqglylgxdo grhv qrw dhfw wkh vxsso| dydlodeoh iru wkh
rwkhu krxvhkrog phpehu/ dqg +dw ohdvw li rqh zdqwv wr pdlqwdlq wkh krxvhkrog, qr
lqglylgxdo fdq eh h{foxghg iurp frqvxplqj lw1 Rwkhu frpprglwlhv fdq eh erwk
sulydwho| ru sxeolfo| frqvxphg1 Li erwk krxvhkrog phpehuv olnh zdwfklqj wkh
vdph whohylvlrq surjudpphv/ h{shqglwxuhv rq sd| WY duh d sxeolf jrrg1 Wkhvh
+ru vrph ri wkhvh, h{shqglwxuhv zrxog eh d sulydwh jrrg/ li rqo| rqh krxvhkrog
phpehu zrxog eh zdwfklqj whohylvlrq1
Suhihuhqfhv ri lqglylgxdo U EU ' c duh dvvxphg wr eh uhsuhvhqwdeoh e| wkh














zkhuh U lv d wzlfh frqwlqxrxvo| glhuhqwldeoh vwurqjo| frqfdyh xwlolw| ixqfwlrq















n/ wkh ohlvxuh dprxqwv ^￿
f dqg ^￿




n dv dujxphqwv1 Wkh xwlolw| ixqfwlrq U lv dvvxphg
wr eh vwulfwo| lqfuhdvlqj lq ^U/ ^U
f dqg "1 Jlyhq wkdw h{whuqdolwlhv fdq eh srvlwlyh
ru qhjdwlyh/ U lv qrw qhfhvvdulo| lqfuhdvlqj lq ^a dqg ^a
f/ iru a 9' U1
























zkhuh T/ ￿/ ￿/ +￿/ +￿ dqg +M duh ghqhg dv ehiruh1 Wklv exgjhw frqvwudlqw
wkxv fdswxuhv doo wkh krxvhkrog*v hqgrzphqwv/ wkdw duh xvhg wr qdqfh krxvhkrog
sxufkdvhv ri frqvxpswlrq dqg ohlvxuh1
515151 Sduhwr h!flhqw ru froohfwlyh krxvhkrog ehkdylrxu
Jlyhq wkdw suhihuhqfhv duh ghqhg rq dq lqglylgxdolvwlf edvlv/ qrwklqj kdv ehhq
vdlg rq krxvhkrog suhihuhqfhv xs wr qrz1 Dq|krz/ krxvhkrog sxufkdvhv duh wkh
revhuydeoh uhvxow ri vrph lqwudkrxvhkrog ghflvlrq pdnlqj surfhvv1 Wklv fdq wdnh
d p|uldg ri irupv1 Pdqvhu dqg Eurzq +4<;3, dqg PfHour| dqg Kruqh| +4<;4,/
h1j1/ iroorz dq d{lrpdwlf edujdlqlqj dssurdfk dqg dvvxph wkdw krxvhkrogv ehkdyh
dv li wkh| wdnh ghflvlrqv rq wkh edvlv ri sduwlfxodu edujdlqlqj uxohv olnh wkh Qdvk
ru Ndodl0Vprurglqvn| vroxwlrq1 Rwkhu dxwkruv/ rq wkh frqwudu|/ vxssrvh qrq0
frrshudwlyh krxvhkrog ehkdylrxu +vhh/ h1j1/ Erxujxljqrq/ 4<;7/ Nrruhpdq dqg
Ndswh|q/ 4<<3 dqg Eurzqlqj/ 5333,1
Lqvwhdg ri irfxvlqj rq d sduwlfxodu edujdlqlqj uxoh/ Fkldssrul +4<;;d, rqo|
dvvxphv wkdw wkh krxvhkrog ghflvlrq pdnlqj surfhvv uhvxowv lq Sduhwr h!flhqw
<rxwfrphv1 Wkdw lv/ fkrvhq frqvxpswlrq exqgohv dqg ohlvxuh duh vxfk wkdw dq lq0
glylgxdo*v zhoiduh fdqqrw eh lqfuhdvhg zlwkrxw ghfuhdvlqj wkh zhoiduh ri wkh rwkhu
krxvhkrog phpehu1 Lq Eurzqlqj dqg Fkldssrul +4<<;, vrph dujxphqwv iru wklv
froohfwlyh krxvhkrog dssurdfk duh jlyhq1 Iluvw/ lq wkh sduwlfxodu frqwh{w ri d uh0
shdwhg jdph dqg xqghu wkh dvvxpswlrq ri shuihfw lqirupdwlrq rq hdfk rwkhu*v
suhihuhqfhv/ lw lv sodxvleoh wkdw wkh krxvhkrog phpehuv ghyhors Sduhwr h!flhqw
doorfdwlrq phfkdqlvpv1 Vhfrqg/ rqh fdq dujxh wkdw wkh dvvxpswlrq ri Sduhwr h!0
flhqf| lv wkh prvw qdwxudo jhqhudolvdwlrq ri wkh dvvxpswlrq ri xwlolw| pd{lplvdwlrq
lq wkh xqlwdu| prgho zlwk vhyhudo krxvhkrog phpehuv1 Zkdw lv lpsruwdqw khuh/
lv wkdw wkh odwwhu lv d sduwlfxodu rxwfrph ri wkh froohfwlyh krxvhkrog dssurdfk1
Dqg qdoo|/ pdq| zlghvsuhdg edujdlqlqj uxohv jhqhudoo| dvvxph Sduhwr h!flhqf|1
H{dpsohv duh wkh Qdvk/ Ndodl0Vprurglqvn|/ xwlolwduldq dqg hjdolwduldq vroxwlrqv
+vhh/ h1j1/ Wkrpvrq/ 4<<7,1
E| pdnlqj xvh ri vwdqgdug lqvwuxphqwv ri zhoiduh hfrqrplfv/ zh fdq hdv0







Sduhwr rswlpdo doorfdwlrq ri frqvxpswlrq dqg ohlvxuh zlwklq wkh krxvhkrog li lw lv













































zkhuh ￿ lv vrph uhtxluhg xwlolw| ohyho iru lqglylgxdo / +7 ' +￿ n +￿ n +M dqg
^ ' ^￿ n ^￿ n "1 Wkxv/ wkh pd{lplvdwlrq sureohp +517, orrnv iru dq doorfdwlrq
wkdw pd{lplvhv lqglylgxdo *v zhoiduh/ vxemhfw wr vrph suhdoorfdwhg zhoiduh ohyho
iru krxvhkrog phpehu  dqg wr wkh krxvhkrog exgjhw frqvwudlqw1 E| ydu|lqj
￿/ doo Sduhwr h!flhqw doorfdwlrqv fdq eh wudfhg rxw1 Wklv vhw ri Sduhwr h!flhqw
doorfdwlrqv irupv wkh erxqgdu| ri wkh xwlolw| srvvlelolw| vhw/ wkdw fdswxuhv doo
dwwdlqdeoh yhfwruv ri xwlolw| ohyhov iru wkh krxvhkrog1 Jlyhq wkdw lw lv dvvxphg
wkdw wkh lqglylgxdo xwlolw| ixqfwlrqv duh vwurqjo| frqfdyh dqg wkdw wkh exgjhw
frqvwudlqw ghqhv d frqyh{ vhw/ wkh xwlolw| srvvlelolw| vhw lv vwulfwo| frqyh{1 Wklv lv
dq lpsruwdqw uhvxow/ ehfdxvh lw doorzv wr fkdudfwhulvh doo Sduhwr h!flhqw doorfdwlrqv
dv vwdwlrqdu| srlqwv ri d olqhdu cvrfldo zhoiduh ixqfwlrq* +pruh vshflfdoo|/ ri d
qrqv|pphwulf xwlolwduldq vrfldo zhoiduh ixqfwlrq, iru vrph srvlwlyh zhoiduh zhljkwv
iru erwk lqglylgxdov +vhh Gruipdq/ 4<:8/ Sdq}du dqg Zloolj/ 4<:9 dqg Pdv0Frohoo
hw doll/ 4<<8,1 Wkdw lv/ wkh krxvhkrog doorfdwlrq sureohp +517, fdq eh ghqhg dv




















































Lq wklv vrfldo zhoiduh frqwh{w/ zhoiduh zhljkwv >ETcc) dqg d  >ETcc)o
duh dwwdfkhg wr erwk krxvhkrog phpehuv1 Lq jhqhudo/ wkhvh +qrupdolvhg, Od0
judqjldq pxowlsolhuv ri wkh pd{lplvdwlrq sureohp +517, zloo ghshqg rq wkh h{rjh0
qrxv yduldeohv T/  dqg )1 Dq lqwhusuhwdwlrq ri wkhvh zhoiduh zhljkwv lv wkdw wkh|
uhsuhvhqw wkh edujdlqlqj srzhu ri wkh krxvhkrog phpehuv lq wkh lqwudkrxvhkrog
doorfdwlrq surfhvv1 Fkdqjhv lq zdjhv/ qrqoderxu lqfrphv ru sulfhv wkhq/ pd| vkliw
edujdlqlqj srzhu iurp rqh lqglylgxdo wr wkh rwkhu1 Wklv rq lwv wxuq/ kdv frqvh0
txhqfhv rq revhuydeoh krxvhkrog frqvxpswlrq dqg oderxu vxsso|1 D fkdqjh lq
wkh qrqoderxu lqfrph ri d krxvhkrog phpehu/ h1j1/ pd| qrw rqo| dhfw krxvhkrog
frqvxpswlrq dqg oderxu vxsso| yld wkh xvxdo lqfrph hhfw/ exw dovr e| zd| ri d
vkliw ri wkh edujdlqlqj srzhu1 Vlqfh fkdqjhv lq lqglylgxdo qrqoderxu lqfrphv dowhu
wkh edujdlqlqj srvlwlrq ri wkh krxvhkrog phpehuv/ wkh vrxufh ri wkh qrqoderxu
lqfrph pd| eh lpsruwdqw iru wkh krxvhkrog doorfdwlrq1 Wklv lv dq lpsruwdqw lp0
solfdwlrq ri wkh froohfwlyh krxvhkrog dssurdfk/ vlqfh lw grhv qrw lpso| wkh lqfrph
srrolqj k|srwkhvlv dq| pruh1
Wkh vdph dssolhv iru fkdqjhv lq zdjhv ru sulfhv1 Dsduw iurp wkh xvxdo vxevwlwx0
wlrq dqg lqfrph hhfwv/ vkliwv lq wkh edujdlqlqj srzhu ri wkh krxvhkrog phpehuv
fdq dovr eh h{shfwhg1 Wkhvh pd| lqyrnh vrph dgglwlrqdo hhfwv rq krxvhkrog
frqvxpswlrq dqg oderxu vxsso|1 Pruh vshflfdoo|/ krxvhkrog suhihuhqfhv/d vf d s 0
wxuhg e| wkh olqhdu vrfldo zhoiduh ixqfwlrq +518,/ wkxv ghshqg rq sulfhv/ zdjhv
dqg qrqoderxu lqfrphv1 Vxfk suhihuhqfhv duh d jhqhudolvdwlrq ri Ndopdq*v +4<9;,
dqg Sroodn*v +4<::, sulfh ghshqghqw suhihuhqfhv1 Wkh| kdyh vkrzq wkdw wkh xvxdo
cVoxwvn| hhfwv*/ ghqhg dv wkh vxp ri wkh cvwdqgdug* xqfrpshqvdwhg sulfh hhfw
dqg wkh cvwdqgdug* lqfrph hhfw duh qrw wr eh v|pphwulf dq| pruh91P r u h r y h u /













































zkhuh ￿ @ 4
4.￿ dqg ￿ @ ￿
4.￿ dqg zkhuh wkh xqlpsruwdqw frqvwdqw xE iru wkh pd{lplvdwlrq
sureohp kdv ehhq holplqdwhg1
9Wdnh iru h{dpsoh wkh Vwrqh0Jhdu| xwlolw| ixqfwlrq/ wkdw jlyhv ulvh wr wkh olqhdu h{shqglwxuh
v|vwhp/ lq d frqvxpswlrq frqwh{w +doorfdwlrq ri exgjhw { wr frpprglwlhv t/ jlyhq sulfhv s,d q g
44wkh pdwul{ frqvlvwlqj ri wkhvh cVoxwvn| hhfwv* lv qrw qhfhvvdulo| qhjdwlyh vhpl0
ghqlwh1 Wkhvh duh djdlq yhu| lpsruwdqw dqg glvwlqjxlvklqj lpsolfdwlrqv ri wkh
froohfwlyh krxvhkrog prgho1
Ehiruh jrlqj ghhshu lqwr wklv uhpdundeoh lpsolfdwlrq/ lw lv shukdsv xvhixo wr
jlyh vrph lqwxlwlrq iru wklv uhvxow1 Dq lqwhusuhwdwlrq iru wkh krxvhkrog suhihuhqfhv/
dv uhsuhvhqwhg e| wkh vrfldo zhoiduh ixqfwlrq +518,/ lv wkdw wkh| duh d vruw ri
zhljkwhg dyhudjh ri wkh lqglylgxdo suhihuhqfhv1 Vlqfh wkh lqglylgxdov* zhljkwv
pd| dowhu iroorzlqj fkdqjhv lq wkh zdjhv/ sulfhv ru qrqoderxu lqfrphv/ krxvhkrog
suhihuhqfhv duh qr orqjhu frqvwdqw lq wkh qrupdo vhqvh1 Wkh suredelolw| ri vwloo
rewdlqlqj d udwlrqdo/ l1h1 frpsohwh dqg wudqvlwlyh/ krxvhkrog suhihuhqfh rughulqj/
lv olplwhg1 Frqvhtxhqwo|/ rqh fdqqrw h{shfw wkdw krxvhkrog frqvxpswlrq dqg
oderxu vxsso| duh vwloo vxemhfw wr wkh vwdqgdug uhvwulfwlrqv rq ghpdqg/ zklfk duh
gluhfw frqvhtxhqfhv ri udwlrqdo suhihuhqfh rughulqjv lq wkh xqlwdu| dssurdfk1
Jlyhq wkdw wkh froohfwlyh dssurdfk wr krxvhkrog ehkdylrxu grhv qrw dvvxph wkh
h{lvwhqfh ri udwlrqdo krxvhkrog suhihuhqfhv/ lv lw srvvleoh dw doo wr ghulyh whvwdeoh
uhvwulfwlrqv rq wkh froohfwlyh krxvhkrog prgho B Ru fdq dq| revhuydeoh krxvhkrog
ehkdylrxu eh sxw lq wkh/ dw uvw vljkw/ yhu| orrvh mdfnhw ri wkh froohfwlyh iudph0
zrun B Dqrwkhu lpsruwdqw txhvwlrq lv zkhwkhu wkh froohfwlyh dssurdfk doorzv wr
vd| vrphwklqj rq wkh lqwudkrxvhkrog ghflvlrq pdnlqj surfhvv dqg rq wkh lqglylg0
xdo suhihuhqfhv1 Lw lv zhoo0nqrzq wkdw lq wkh xqlwdu| prgho/ ghpdqg wkdw vdwlvhv
wkh uhvwulfwlrqv ri dgglqj xs/ krprjhqhlw|/ v|pphwu| dqg qhjdwlyh vhplghqlwh0
qhvv ri wkh Voxwvn| pdwul{ lv lqwhjudeoh wr d udwlrqdo suhihuhqfh rughulqj1 Wklv lv
txlwh d xvhixo uhvxow/ li rqh zdqwv wr hydoxdwh fkdqjhv lq wkh hfrqrplf hqylurqphqw
rq wkh zhoiduh ri krxvhkrogv1 Erwk txhvwlrqv/ dqg dqvzhuv rq lw ri frxuvh/ zloo
khuh dqg wkhuh srs xs lq wkh uhpdlqghu ri wklv sdshu1 Exw uvw/ lw lv vkrzq wkdw
wkh xqlwdu| prgho fdq eh vhhq dv d vshfldo fdvh ri wkh froohfwlyh krxvhkrog prgho1
515161 Wkh xqlwdu| prgho dv d vshfldo fdvh ri wkh jhqhudo prgho
Xqghu zkdw flufxpvwdqfhv grhv wkh froohfwlyh krxvhkrog prgho/ dv ghqhg e|
htxdwlrq +518,/ uhgxfh wr wkh xqlwdu| prgho B Wkuhh srvvlelolwlhv fdq eh glvwlq0
jxlvkhg1
D uvw srvvlelolw| olhv shukdsv forvhvw wr wkh frqvxpswlrq wkhru| wkdw hduo|
frqwulexwruv wr lw kdg lq plqg= krxvhkrog suhihuhqfhv duh wkhvh ri wkh ckrxvh0
krog sodqqhu* ru wkh ckrxvhkrog ohdghu* +vhh/ h1j1/ Ndxghu/ 4<98,1 Wklv glfwdwruldo
vroxwlrq lv rewdlqhg li lqglylgxdo *v zhoiduh zhljkw >ETcc) lv {hg dw hlwkhu
zlwkrxw uhihuulqj wr froohfwlyh krxvhkrog prghov1 Ohw xv dvvxph wkdw iru rqh uhdvrq ru dqrwkhu
+h1j1/ suhvhqfh ri cvqre* ru Yheohq jrrgv,/ sulfhv dqg h{shqglwxuhv d￿hfw suhihuhqfhv dv iroorzv=
x @
S
l +￿3l . ￿4lsl . ￿4l{,oq+tl ￿ ￿l,/ zkhuh wkh ￿*v dqg wkh ￿*v duh sdudphwhuv vxemhfw wr wkh
xvxdo uhvwulfwlrqv1 Ghulylqj ghpdqg dqg wkh cVoxwvn| h￿hfwv* e| phdqv ri revhuydeoh ghpdqg








C{ tl @ vml1
454 ru 31 Lq wkh uvw fdvh/  zrxog eh wkh glfwdwru/ lq wkh odwwhu fdvh krxvhkrog
phpehu 1 Qrwh wkdw wklv glfwdwru fdq eh d ehqhyrohqw rqh/ zkr srvlwlyho| ydo0
xhv wkh frqvxpswlrq dqg ohlvxuh exqgoh ri wkh rwkhu krxvhkrog phpehu1 Lq wklv






EU '  ru  zrxog eh
lqfuhdvlqj lq doo lwv dujxphqwv +l1h1/ wkhuh zrxog rqo| eh srvlwlyh h{whuqdolwlhv,1
D vshfldo irup ri vxfk xwlolw| ixqfwlrq zrxog rffxu li wkh ehqhyrohqw glfwdwru lv
qrqsdwhuqdolvwlf lq wkh vhqvh wkdw kh rqo| ydoxhv wkh zhoiduh ri wkh rwkhu krxvh0
krog phpehu/ udwkhu wkdq wkh vshflf frqvxpswlrq dqg ohlvxuh exqgoh suhihuuhg
e| wklv lqglylgxdo1 Wkh xwlolw| ixqfwlrq ri wklv Ehfnhuldq +4<:7d/ 4<:7e, ehqhy0












EU '  ru /z k h u hsU lv vrph lqfuhdvlqj ixqfwlrq lq lwv dujxphqwv1
D vhfrqg srvvlelolw| lv wkdw zkhuh wkh zhoiduh zhljkwv ri wkh lqglylgxdov duh













/z l w k> 5 ofcd1
Ghshqglqj rq wkh dujxphqwv lq wkh lqglylgxdo xwlolw| ixqfwlrqv/ wklv srvvlelolw|
dprxqwv wr vrph lqwhuhvwlqj vshflfdwlrqv1 Li wkhuh duh qr h{whuqdolwlhv lq frq0
vxpswlrq dqg ohlvxuh dqg qr sxeolf frqvxpswlrq/ wkhq rqh rewdlqv zhdno| vhsdud0
eoh krxvhkrog suhihuhqfhv wkdw duh forvho| frqqhfwhg wr wkh udwlrqdo suhihuhqfhv ri
Vdpxhovrq*v +4<89, lpdjlqdu| lqglylgxdo1 Lq wkh fdvh zkhuh hdfk lqglylgxdo xwlolw|
ixqfwlrq kdv dw ohdvw rqh jrrg +ru ohlvxuh dprxqw, dv dq h{foxvlyh dujxphqw/ wkhq
wkh krxvhkrog zrxog ehkdyh dv li lw zdv d vlqjoh lqglylgxdo zlwk odwhqwo| vhsdudeoh
suhihuhqfhv +vhh Eoxqghoo dqg Urelq/ 5333,:1
Ilqdoo|/ wkh froohfwlyh krxvhkrog prgho froodsvhv wr wkh xqlwdu| prgho li erwk
krxvhkrog phpehuv kdyh wkh vdph suhihuhqfhv ryhu frqvxpswlrq dqg ohlvxuh exq0
gohv1 Lq wkdw fdvh/ wkh krxvhkrog xwlolw| ixqfwlrq htxdov wkh frpprq xwlolw| ixqf0
wlrq ri erwk lqglylgxdov1
Dv zdv douhdg| vwuhvvhg d frxsoh ri wlphv= revhuydeoh krxvhkrog ghpdqg wkdw
lv frpsdwleoh zlwk wkh xqlwdu| prgho vdwlvhv wkh xvxdo wkhruhwlfdo uhvwulfwlrqv
dqg wkh lqfrph srrolqj k|srwkhvlv1 Rq wkh rwkhu kdqg/ ghpdqg wkdw vwhpv iurp
wkh froohfwlyh krxvhkrog prgho lv qrw sxw lq vxfk d vwudlw0mdfnhw1 Lq wkh qh{w sdud0
judsk/ lw lv vkrzq wkdw hyhq wkh yhu| orrvh iudphzrun ri wkh froohfwlyh dssurdfk
lpsolhv dq lpsruwdqw uhvwulfwlrq wkdw lv whvwdeoh rq revhuydeoh krxvhkrog ghpdqg1
515171 D jhqhudolvdwlrq ri Voxwvn| v|pphwu|
Wr frph wr d whvwdeoh lpsolfdwlrq ri wkh froohfwlyh krxvhkrog prgho/ zh zloo sxw
vrph pruh vwuxfwxuh rq wkh krxvhkrog xwlolw| ixqfwlrq +518,1 Pruh vshflfdoo|/ lw
zloo eh dvvxphg wkdw wkh ixqfwlrq >ETcc) lv frqwlqxrxvo| glhuhqwldeoh dqg
:Odwhqw vhsdudelolw| lv d jhqhudolvdwlrq ri zhdn vhsdudelolw|/ wkdw doorzv vrph jrrgv wr hqwhu
lq pruh wkdq rqh frpprglw| jurxs1
46krprjhqhrxv ri ghjuhh }hur lq lwv dujxphqwv1 Wklv zloo jxdudqwhh wkdw wkh xqltxh
vroxwlrq wr wkh pd{lplvdwlrq ri wkh krxvhkrog xwlolw| ixqfwlrq vxemhfw wr wkh exg0
jhw frqvwudlqw zloo eh d vhw ri ghpdqg ixqfwlrqv wkdw duh frqwlqxrxvo| glhuhqwldeoh
dqg krprjhqhrxv ri ghjuhh }hur1 Qrwh wkdw wklv dvvxpswlrq lpsolhv wkh xvxdo de0
vhqfh ri prqh| looxvlrq= wkh xqlw lq zklfk sulfhv/ zdjhv dqg lqfrph duh h{suhvvhg
grhv qrw dhfw wkh krxvhkrog doorfdwlrq surfhvv1 D vhfrqg dvvxpswlrq lv wkdw rqo|
wrwdo krxvhkrog frqvxpswlrq lv revhuydeoh +dsduw iurp wkh revhuydeoh lqglylgxdo
ohlvxuh dprxqwv ^￿
f dqg ^￿
f ,1 Wkdw lv/ zh fdq rqo| revhuyh ^ ' ^￿ n ^￿ n " dqg
qrw wkh lqglylgxdo frpsrqhqwv ri ^1 Wklv lv d yhu| xvhixo jhqhudolvdwlrq/ vlqfh
prvw krxvhkrog exgjhw vxuyh|v gr qrw doorz wr glvwlqjxlvk wkh qdo frqvxphu ri
wkh juhdwhu sduw ri krxvhkrog frqvxpswlrq1
Ohw xv djdlq xvh wkh qrwdwlrq dvvrfldwhg zlwk wkh xqlwdu| prgho1 Wkh krxvh0












+Sduhwr h!flhqw, vroxwlrq ri wkh krxvhkrog doorfdwlrq sureohp +518, qrz htxdov
wkh iroorzlqj vhw ri ? n2ghpdqg htxdwlrqv=
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zkhuh iru doo frpprglwlhv lq wkh yhfwru h ^/ h ^￿ ' ^￿
￿ n ^￿
￿ n '￿1 Pruhryhu/ jlyhq
wkh dvvxpswlrqv zh pdgh/ wkhvh ghpdqg ixqfwlrqv duh frqwlqxrxvo| glhuhqwldeoh/
krprjhqhrxv ri ghjuhh }hur dqg dgg xs wr ixoo lqfrph +7n￿An￿A1E |p h d q v
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￿ +51:,
Iroorzlqj Eurzqlqj dqg Fkldssrul +4<<;,/ zh fdoo wklv wkh svhxgr0Voxwvn| pdwul{1
Wkh uhdvrq iru wklv fkdqjh ri qdph lv wkdw wkh hohphqwv ri 5 fdq qr orqjhu eh
frqvlghuhg dv wkh sulfh hhfwv rq ghpdqg zlwk wkh krxvhkrog xwlolw| ohyho khog
frqvwdqw1 Lq wkh xqlwdu| prgho/ Voxwvn| hhfwv fdswxuh wkh pryh dorqj dq lq0
glhuhqfh vxuidfh gxh wr d pdujlqdo sulfh ru zdjh fkdqjh1 Wkh svhxgr0Voxwvn|
hhfwv dv ghqhg lq htxdwlrq +51:, krzhyhu/ qrw rqo| hqfrpsdvv wkh pryh dorqj
dq lqglhuhqfh vxuidfh/ exw dovr d pryh ri wkh lqglhuhqfh vxuidfh lwvhoi1
Wklv lv hdvlo| vhhq/ li zh orrn dw wkh pdlq uhvxow ri Eurzqlqj dqg Fklds0
srul +4<<;,1 Wkh| vkrzhg wkdw krxvhkrog ghpdqg/ wkdw lv frpsdwleoh zlwk wkh
froohfwlyh krxvhkrog prgho/ vdwlvhv wkh iroorzlqj uhvwulfwlrq=
5 ' P n 
￿c +51;,
zkhuh P lv d v|pphwulf qhjdwlyh vhplghqlwh pdwul{ dqg  dqg  duh wzr E? n2 
yhfwruv1 Qrwh wkdw wkh pdwul{ + ' 
￿ k d vd wp r v wu d q n4 1




YE+7n￿￿An￿￿A￿^￿ lv wkh hhfw rq frpprglw|  ri d pdujlqdo lqfuhdvh lq wkh
sulfh ri frpprglw| / zkhuhe| wkh krxvhkrog lv frpshqvdwhg e| dq lqfuhdvh lq
wkh ixoo lqfrph1 Eurzqlqj dqg Fkldssrul*v v|pphwu| . udqn 4 +VU4, frqglwlrq
vkrzv wkdw wkhvh svhxgr0Voxwvn| hhfwv fdq eh ghfrpsrvhg lq wzr sduwv= d sxuh
vxevwlwxwlrq hhfw dqg dq h{wud sulfh hhfw1 Wkh sxuh vxevwlwxwlrq hhfw fruuh0
vsrqgv wr wkh xvxdo frpshqvdwhg +Voxwvn|, sulfh dqg zdjh hhfwv/ zkhuhe| wkh
krxvhkrog xwlolw| dqg wkh zhoiduh zhljkwv > dqg E  > duh khog frqvwdqw +l1h1/
wkh pryh dorqj dq lqglhuhqfh fxuyh,1 Wkh h{wud sulfh hhfw/ rq lwv wxuq/ frphv
iurp wkh fkdqjh lq edujdlqlqj srzhu ixqfwlrqv > dqg E  > dv d frqvhtxhqfh
ri wkh pdujlqdo sulfh fkdqjh +l1h1/ wkh pryh ri wkh lqglhuhqfh fxuyh,1 Uhpdun
wkdw lq wkh xqlwdu| prgho/ wklv odwwhu hhfw htxdov }hur E+ ' f1L qw k l vf d v hw k h
svhxgr0Voxwvn| pdwul{ 5 uhgxfhv wr wkh xvxdo Voxwvn| pdwul{ P wkdw lv v|pphw0
ulf dqg qhjdwlyh vhplghqlwh1 Eurzqlqj dqg Fkldssrul +4<<;, dovr vkrzhg wkdw
wr whvw wkh VU4 frqglwlrq/ rqh qhhgv dw ohdvw yh frpprglwlhv/ ohlvxuh dprxqwv
lqfoxghg1 Wklv lv d txlwh lpsruwdqw uhvwulfwlrq/ vlqfh lw uxohv rxw wr whvw wkh VU4
surshuw| rq gdwd vhwv wkdw rqo| frqwdlq oderxu vxsso| lqirupdwlrq +l1h1/ krxuv dqg
zdjhv ri wkh wzr krxvhkrog phpehuv,/ dqg qr lqirupdwlrq rq krz h{shqglwxuhv
duh doorfdwhg wr glhuhqw jrrgv dqg vhuylfhv zlwk sulfh yduldwlrq1
Eurzqlqj dqg Fkldssrul +4<<;, vxemhfwhg Fdqdgldq fklogohvv krxvhkrog gdwd
wr wkh VU4 whvw1 Wkhlu pdlq uhvxowv duh wkdw wkh xqlwdu| prgho frxog qrw eh
uhmhfwhg iru vlqjohv/ zkloh lw zdv uhmhfwhg iru frxsohv1 Wkh VU4 surshuw|/ rq wkh
rwkhu kdqg/ frxog qrw eh uhmhfwhg iru frxsohv1 Revhuyhg krxvhkrog ehkdylrxu wkxv
vhhpv wr eh frqvlvwhqw zlwk wkh froohfwlyh krxvhkrog prgho rq wkh edvlv ri wklv
Fdqdgldq gdwd vhw1
515181 H{sdqglqj wkh jhqhudo prgho zlwk glvwulexwlrq idfwruv
Lq d suhylrxv sdudjudsk/ lw zdv vwuhvvhg wkdw wkh krxvhkrog xwlolw| ixqfwlrq*v zho0
iduh zhljkwv > dqg E  >/ wkdw uhsuhvhqw wkh edujdlqlqj srzhu ri wkh krxvhkrog
phpehuv/ pd| ghshqg rq sulfhv/ zdjhv dqg qrqoderxu lqfrphv1 Lq wkh ghulyd0
wlrq ri Eurzqlqj dqg Fkldssrul*v +4<<;, VU4 surshuw|/ h1j1/ sulfhv dqg zdjhv
sod|hg dq h{solflw uroh lq wkh krxvhkrog doorfdwlrq surfhvv1 Krzhyhu/ dovr rwkhu
idfwruv pd| dhfw wklv doorfdwlrq surfhvv1 Wkh prvw reylrxv h{dpsohv duh wkh lq0
glylgxdo qrqoderxu lqfrphv +￿ dqg +￿1 Dq lqfuhdvh lq dq lqglylgxdo*v qrqoderxu
lqfrph pd| vkliw edujdlqlqj srzhu iurp rqh lqglylgxdo wr wkh rwkhu/ zklfk kdv
lwv frqvhtxhqfhv rq wkh doorfdwlrq ri krxvhkrog frqvxpswlrq dqg oderxu vxsso|1
Ohvv reylrxv/ exw qrw qhfhvvdulo| ohvv lpsruwdqw duh wkh vr0fdoohg h{wudkrxvhkrog
hqylurqphqwdo sdudphwhuv +vhh PfHour|/ 4<<3,1 H{dpsohv duh odzv rq dolprq|
dqg fklog ehqhwv/ wd{ odzv wkdw glhu dffruglqj wr pdulwdo vwdwxv dqg glyrufh
48odz1 Fkdqjhv lq wkhvh yduldeohv pd| dhfw rxwvlgh rssruwxqlwlhv ri wkh krxvhkrog
p h p e h u vd q gp d |w k x vk d y hf r q v h t x h q f h vr qw k h l ue d u j d l q l q js r z h u 1I r o o r z l q j
Erxujxljqrq/ Eurzqlqj dqg Fkldssrul +4<<7,/ vxfk idfwruv fdq eh whuphg glvwul0
exwlrq idfwruv1 Pruh suhflvho|/ glvwulexwlrq idfwruv duh ghqhg dv yduldeohv wkdw
dhfw wkh edujdlqlqj srzhu ixqfwlrq >/ exw wkdw gr qrw kdyh dq| gluhfw lq xhqfh
rq wkh lqglylgxdov* suhihuhqfhv dqg wkh krxvhkrog exgjhw frqvwudlqw1 Lqglylgxdo
qrqoderxu lqfrphv/ h1j1/ pd| eh dvvxphg wr dhfw wkh edujdlqlqj srzhu ri wkh
krxvhkrog phpehuv exw qrw wkhlu suhihuhqfhv1 Pruhryhu/ wkh hhfw rq wkh exgjhw
frqvwudlqw uxqv wkurxjk d fkdqjh lq wrwdo krxvhkrog qrqoderxu lqfrph1 Odzv rq
dolprq| ru glyrufh odz hyhq gr qrw kdyh vxfk dq lqgluhfw hhfw rq wkh krxvhkrog
exgjhw frqvwudlqw1
Dq lqwhuhvwlqj dgglwlrqdo whvw ri wkh jhqhudo froohfwlyh krxvhkrog prgho fdq
eh ghulyhg li wkhuh lv rqo| rqh glvwulexwlrq idfwru 5;1 Lq wklv fdvh/ Eurzqlqj dqg






zkhuh P lv djdlq d v|pphwulf qhjdwlyh vhplghqlwh pdwul{ dqg  dq E? n2 
yhfwru1 Wkh fkdqjh lq ghpdqg gxh wr d pdujlqdo fkdqjh lq wkh glvwulexwlrq
idfwru 5 lv wkxv gluhfwo| uhodwhg wr wkh svhxgr0Voxwvn| pdwul{ 5 dqg wkh xvxdo
Voxwvn| pdwul{ P1 Vxfk d uhvxow zrxog eh txlwh uhpdundeoh rxwvlgh wkh froohfwlyh
krxvhkrog iudphzrun/ exw hdvlo| h{sodlqdeoh zlwklq1
Li wkhuh zrxog eh d yhfwru ri glvwulexwlrq idfwruv 3 'E5￿cc56
￿/ dqrwkhu uhvxow
fdq eh suryhg/ wkdw surylghv dq h{wud whvw ri wkh froohfwlyh krxvhkrog prgho +vhh
Erxujxljqrq hw doll/ 4<<6,1 Ghpdqg frpsdwleoh zlwk wkh froohfwlyh krxvhkrog






c iru doo   2 dqg w￿ 5 LU1 +5143,
Erwk whvwv +51<, dqg +5143, zhuh dssolhg e| Eurzqlqj dqg Fkldssrul +4<<;,1
Diwhu d fduhixo vhohfwlrq ri glvwulexwlrq idfwruv +lq frqfuhwr yduldeohv wkdw glg qrw
dhfw wkh ghpdqg ri vlqjohv,/ wkh| frxog qrw uhmhfw wkh froohfwlyh krxvhkrog prgho1
Wrjhwkhu zlwk wkh uhvxowv ri wkh VU4 whvw/ wkhvh uhvxowv jlyh udwkhu vwurqj hylghqfh
lq idyrxu ri wkh froohfwlyh dssurdfk wr krxvhkrog ehkdylrxu1
;H1j1/ lw pd| eh dvvxphg wkdw rqo| uhodwlyh qrqoderxu lqfrphv d￿hfw wkh edujdlqlqj srzhu ri
wkh lqglylgxdov1 Wkh vlqjoh glvwulexwlrq idfwru } zrxog wkhq htxdo
|
D
|E1 Uhpdun wkdw wklv lpsolhv
dq h{wud h￿hfw rq wkh ixqfwlrq ￿/ lq frpsdulvrq zlwk wkh suhylrxv sdudjudsk1 Wkhuh/ d pdujlqdo












4961 Uhvwulfwlrqv rq wkh jhqhudo froohfwlyh krxvhkrog prgho
Lq wkh iruphu vhfwlrq/ zh frqvlghuhg d yhu| jhqhudo froohfwlyh krxvhkrog prgho1
Wkhuh zhuh qr uhvwulfwlrqv rq lqglylgxdo suhihuhqfhv1 Erwk h{whuqdolwlhv dqg sxeolf
jrrgv zhuh doorzhg wr hqwhu wkh lqglylgxdo xwlolw| ixqfwlrqv1 Pruhryhu/ doprvw doo
whvwdeoh lpsolfdwlrqv ri wkh jhqhudo prgho zhuh ghqhg lq d frqwh{w zlwk h{solflw
sulfh yduldwlrq +fi1 wkh VU4 surshuw|,1 Lq wklv vhfwlrq/ zh zloo uhvwulfw wkh jhqhudo
froohfwlyh krxvhkrog prgho lq vhyhudo zd|v1 Iluvw/ lqglylgxdo suhihuhqfhv fdq eh
uhvwulfwhg lq vrph xvhixo gluhfwlrqv1 Dv zloo eh vkrzq ehorz/ wklv zloo doorz d
qlfh lqwhusuhwdwlrq ri wkh froohfwlyh dssurdfk1 Wkhvh uhvwulfwlrqv zloo dovr shuplw
wr ghulyh vrph lpsruwdqw lghqwlfdwlrq uhvxowv rq lqglylgxdo suhihuhqfhv dqg wkh
lqwudkrxvhkrog doorfdwlrq surfhvv1 Dsduw iurp uhvwulfwlrqv rq suhihuhqfhv/ dydlo0
deoh gdwdvhwv pd| eulqj derxw dgglwlrqdo uhvwulfwlrqv rq wkh jhqhudo prgho1 Pdq|
krxvhkrog oderxu vxsso| gdwd/ h1j1/ gr qrw frqwdlq lqirupdwlrq rq wkh doorfdwlrq
ri wrwdo h{shqglwxuhv wr glhuhqw frqvxpswlrq jrrgv1 Krxvhkrog exgjhw vxuyh|v/
rq wkh rwkhu kdqg/ gr qrw dozd|v fdswxuh lqglylgxdo zdjhv ru krxuv zrunhg1 Lq
wklv vhfwlrq/ vrph froohfwlyh krxvhkrog prghov duh glvfxvvhg wkdw dulvh iurp wkhvh
sduwlfxodu uhvwulfwlrqv1
6141 Uhvwulfwlrqv rq suhihuhqfhv= wkh vkdulqj uxoh uhvxow
614141 Hjrlvwlf dqg fdulqj suhihuhqfhv







/ iru U ' c1 Erwk srvlwlyh dqg qhjdwlyh h{whu0
qdolwlhv lq frqvxpswlrq dqg ohlvxuh frxog rffxu1 Wkhuh zdv dovr urrp iru sxeolf
jrrgv lq wkh krxvhkrog doorfdwlrq sureohp1 Zh zloo qrz uhvwulfw wkhvh jhqhudo
suhihuhqfhv vrphzkdw1 Wzr sduwlfxoduo| xvhixo w|shv ri suhihuhqfhv duh hjrlvwlf
dqg fdulqj suhihuhqfhv1
Krxvhkrog phpehuv kdyh hjrlvwlf suhihuhqfhv li wkhlu suhihuhqfhv rqo| ghshqg
rq rzq frqvxpswlrq dqg rzq ohlvxuh1 Wklv dprxqwv wr suhihuhqfhv wkdw fdq eh











Lq wklv fdvh/ krxvhkrog phpehuv ghulyh xwlolw| rqo| iurp rzq frqvxpswlrq dqg
ohlvxuh1 Fkdqjhv lq wkh frpprglw| exqgoh ri wkh rwkhu krxvhkrog phpehu gr qrw
kdyh dq| hhfw rq rqh*v rzq zhoiduh1
D jhqhudolvdwlrq ri wkhvh/ udwkhu uhvwulfwlyh/ hjrlvwlf suhihuhqfhv duh Ehfnhuldq
fdulqj suhihuhqfhv +Ehfnhu/ 4<:7d/ 4<:7e,1 Wklv w|sh ri suhihuhqfhv fdq eh uhsuh0






















4:zkhuh sU lv vrph lqfuhdvlqj ixqfwlrq lq lwv dujxphqwv1 Fdulqj suhihuhqfhv wkxv
erlo grzq wr krxvhkrog phpehuv wkdw srvlwlyho| ydoxh lqfuhdvhv lq wkh rwkhu rqh*v
zhoiduh/ exw zkr duh qrw sulpdulo| lqwhuhvwhg lq krz wklv zhoiduh lv rewdlqhg1
614151 Wkh vkdulqj uxoh uhvxow
Erwk hjrlvwlf dqg fdulqj suhihuhqfhv pdnh d qlfh lqwhusuhwdwlrq ri wkh froohfwlyh
krxvhkrog prgho srvvleoh1 Li suhihuhqfhv duh hjrlvwlf ru fdulqj/ wkhq wkh Sduhwr
h!flhqw krxvhkrog doorfdwlrq surjudp +518, fdq eh vkrzq wr eh htxlydohqw wr wkh
h{lvwhqfh ri d ixqfwlrq ETcc) vxfk wkdw wkh lqglylgxdov* ohlvxuh dprxqwv ^￿
f
dqg ^￿
f dqg frqvxpswlrq exqgohv ^￿ dqg ^￿/z l w k^ ' ^￿ n ^￿/ duh vroxwlrqv wr


























Xqghu wkh jlyhq dvvxpswlrqv/ wkh krxvhkrog doorfdwlrq sureohp lv uhgxfhg wr d
vruw ri wzr0vwdjh exgjhwlqj surfhvv1 Iluvw/ erwk krxvhkrog phpehuv glylgh ixoo
lqfrph dprqj hdfk rwkhu dffruglqj wr wkh vkdulqj uxoh / zklfk lq jhqhudo gh0
shqgv rq h{rjhqrxv sulfhv/ zdjhv dqg qrqoderxu lqfrphv1 Lq wkh vhfrqg vwdjh/
wkh lqglylgxdov lqghshqghqwo| doorfdwh wkhlu vkduh ri ixoo lqfrph wr rzq frqvxps0
wlrq dqg ohlvxuh lq d zd| wkdw pd{lplvhv wkhlu lqglylgxdo zhoiduh1 Wklv vkdulqj
uxoh lqwhusuhwdwlrq ri Sduhwr h!flhqw krxvhkrog ehkdylrxu lv qrwklqj hovh wkdq dq







fdq lq wklv vhqvh eh frqvlghuhg dv d frpshw0
lwlyh pdunhw htxloleulxp zlwk oxps0vxp wudqvihuv ehwzhhq krxvhkrog phpehuv
+vhh/ h1j1/ Pdv0Frohoo hw doll/ 4<<8, 431
<Wklv lv hdvlo| vhhq li rqh ghulyhv wkh ￿uvw0rughu frqglwlrqv dqg pdujlqdo vxevwlwxwlrq udwhv
ehwzhhq frpprglwlhv ri wklv doorfdwlrq sureohp dqg frpsduh wkhp zlwk wkrvh rewdlqhg iurp
wkh pd{lplvdwlrq sureohp +518,1
43Dv wr wkh dssolfdelolw| ri wklv uhvxow wr fdulqj suhihuhqfhv/ lw lv shukdsv zruwkzkloh wr qrwh
wkdw wkh h{whuqdolwlhv hperglhg lq wklv nlqg ri suhihuhqfhv duh Sduhwr luuhohydqw/ lq wkh vhqvh
wkdw d frpshwlwlyh htxloleulxp uhpdlqv Sduhwr h!flhqw lq wkh suhvhqfh ri h{whuqdolwlhv +vhh
Sdunv/ 4<<4,1 Uhpdun ixuwkhu wkdw zh glg qrw wdnh lqwr dffrxqw sxeolf frqvxpswlrq wr vwdwh
wkh dowhuqdwlyh lqwhusuhwdwlrq ri wkh froohfwlyh krxvhkrog prgho1 D frpsdudeoh uhvxow fdq eh
ghulyhg e| phdqv ri lqglylgxdo xwlolw| ixqfwlrqv zlwk sxeolf frqvxpswlrq dv dq dujxphqw1 Wkh
￿uvw vwdjh ri wkh wzr0vwdjh exgjhwlqj surfhvv wkhq dprxqwv wr wkh doorfdwlrq ri ixoo lqfrph wr
h{shqglwxuhv rq sxeolf jrrgv dqg wr wkh lqglylgxdov* vkduhv ri ixoo lqfrph1 Lq wkh vhfrqg vwdjh/
erwk krxvhkrog phpehuv doorfdwh wkhlu vkduh wr rzq frqvxpswlrq dqg ohlvxuh/ frqglwlrqdoo| rq
4;Dv zloo eh vkrzq ehorz/ wklv vkdulqj uxoh uhvxow zloo suryh wr eh xvhixo lq wkh
lghqwlfdwlrq ri lqglylgxdo suhihuhqfhv dqg wkh lqwudkrxvhkrog doorfdwlrq surfhvv1
Wr looxvwudwh wklv/ zh zloo irfxv dwwhqwlrq wr krxvhkrog oderxu vxsso| prghov1
6151 Froohfwlyh krxvhkrog prghov ri oderxu vxsso|
615141 Froohfwlyh oderxu vxsso| zlwk revhuydeoh glvwulexwlrq idfwruv
Pdq| vxuyh|v wkdw frqwdlq oderxu vxsso| gdwd +zdjhv dqg krxuv zrunhg, gr qrw
hpeudfh lqirupdwlrq rq wkh krxvhkrog frqvxpswlrq exqgoh xqghu glhuhqw sulfh
uhjlphv1 Wkh rqo| csulfh* yduldwlrq lq prvw furvv0vhfwlrqv zlwk plfurgdwd lv wkh
zdjh yduldwlrq ehwzhhq lqglylgxdov1 Ri frxuvh/ rqh pxvw fxw rqh*v frdw dffruglqj
wr rqh*v forwk/ li rqh zdqwv wr dsso| vwdqgdug plfurhfrqrplf wkhru| wr oderxu
vxsso| ehkdylrxu1 Wklv forwk lv hyhq qrw ri wkdw srru txdolw|1 Vlqfh lw lv dvvxphg
wkdw wkhuh lv qr uhodwlyh sulfh yduldwlrq iru frqvxpswlrq jrrgv lq furvv0vhfwlrqv/
rqh fdq vdiho| uhvruw wr Klfnv* frpsrvlwh frpprglw| wkhruhp1 Wklv wkhruhp dv0
vhuwv wkdw li d jurxs ri sulfhv pryh lq sdudooho/ wkhq wkh fruuhvsrqglqj jurxs ri
frqvxpswlrq jrrgv fdq eh wuhdwhg dv d vlqjoh frpprglw|> wkh vr0fdoohg Klfnvldq
djjuhjdwh frpprglw| +vhh Ghdwrq dqg Pxhooedxhu/ 4<;3,1 Pruh vshflfdoo|/ wkh
wkhruhp lpsolhv wkdw/ xqghu wkh jlyhq frqglwlrq/ d qhz suhihuhqfh rughulqj fdq eh
ghqhg ryhu d Klfnvldq djjuhjdwh frpprglw| +lq wklv fdvh wrwdo h{shqglwxuhv rq
frqvxpswlrq jrrgv, dqg ohlvxuh wkdw ohdgv wr wkh vdph frqvxpswlrq dqg ohlvxuh
exqgoh dv wkh ruljlqdo suhihuhqfh rughulqj441 Wklv zd| rxw kdv lpsruwdqw frqvh0
txhqfhv rq wkh whvwdelolw| ri wkh froohfwlyh prgho e| phdqv ri wkh svhxgr0Voxwvn|
pdwul{1 Dv suryhq e| Eurzqlqj dqg Fkldssrul +4<<;,/ wkh VU4 surshuw| fdq rqo|
eh whvwhg li wkhuh duh dw ohdvw yh frpprglwlhv +fi1 vxsud,1 Zh kdyh rqo| wkuhh
glhuhqw frpprglwlhv +wzr ohlvxuh dprxqwv dqg rqh revhuydeoh Klfnvldq djjuh0
jdwh frpprglw|,/ zklfk pdnhv wkh VU4 surshuw| xqwhvwdeoh lq wkh jlyhq frqwh{w1
Krzhyhu/ wkh sduwlfxodu vhw0xs zh zloo irfxv rq doorzv wr ghulyh rwkhu whvwdeoh
uhvwulfwlrqv1 Pruhryhu/ wklv vhw0xs dovr lpsolhv vrph lpsruwdqw lghqwlfdwlrq uh0
vxowv1
Lq zkdw iroorzv/ zh zloo dvvxph wkdw wkhuh duh rqo| wzr vrxufhv ri uhodwlyh
sulfh yduldwlrq1 Wkhvh duh wkh zdjhv ri erwk krxvhkrog phpehuv1 D vhfrqg dv0
sxeolf frqvxpswlrq +ru xqfrqglwlrqdoo| li sxeolf frqvxpswlrq lv zhdno| vhsdudeoh iurp sulydwh
frqvxpswlrq,1
44Iuhtxhqwo|/ rqh lpsolflwo| dsshdov wr Klfnv* frpsrvlwh frpprglw| wkhruhp/ li rqh dssolhv
wkh xqlwdu| prgho1 Dv douhdg| phqwlrqhg/ lq pdq| exgjhw vxuyh|v rqh fdqqrw glvwlqjxlvk wkh
￿qdo frqvxphu ri/ vd|/ euhdg ru vriw gulqnv1 Vlqfh lw fdq eh dvvxphg wkdw erwk lqglylgxdov ex|
wkhvh frpprglwlhv dw wkh vdph sulfhv/ Klfnvldq djjuhjdwh frpprglwlhv fdq eh frpsrvhg1 D qhz
suhihuhqfh rughulqj fdq wkhq eh gh￿qhg rq wkhvh Klfnvldq djjuhjdwhv +lq wklv fdvh/ krxvhkrog
h{shqglwxuhv rq wkh gl￿huhqw frpprglwlhv,1
4<vxpswlrq lv wkdw lqglylgxdo suhihuhqfhv duh hjrlvwlf451 Wkh vhw0xs lv frpsohwho|
ghqhg zlwk wkh wklug dvvxpswlrq ri dw ohdvw rqh revhuydeoh glvwulexwlrq idf0
wru 5 wkdw glhuv iurp lqglylgxdo qrqoderxu lqfrphv +l1h1/ d yduldeoh wkdw dhfwv
wkh edujdlqlqj srzhu ri wkh krxvhkrog phpehuv/ exw zklfk kdv qr gluhfw lq x0
hqfh rq wkhlu suhihuhqfhv dqg wkh krxvhkrog exgjhw frqvwudlqw,1 Lq wklv vhwwlqj/








































zkhuh SU lv phpehu U*v xqrevhuyhg frqvxpswlrq ri wkh Klfnvldq djjuhjdwh frp0
prglw| EU ' c dqg 5 lv wkh glvwulexwlrq idfwru wkdw rqo| dhfwv wkh ixqfwlrqv
> dqg E  >1 Qrwh wkdw/ zlwkrxw orvlqj jhqhudolw|/ wkh sulfh ri wkh Klfnvldq
frpprglw| kdv ehhq vhw htxdo wr 41 Xqghu wkh xvxdo uhjxodulw| frqglwlrqv/ wkh vr0
oxwlrq ri wklv pd{lplvdwlrq sureohp lv wkh vhw ri glhuhqwldeoh Pduvkdooldq oderxu
vxsso| htxdwlrqv +zlwk U ' A  ^U











wkdw duh ghshqghqw rq ixoo lqfrph/ zdjhv dqg wkh glvwulexwlrq idfwru1 Vlqfh suhi0
huhqfhv duh dvvxphg wr eh hjrlvwlf/ wkh revhuyhg oderxu vxssolhv ￿ dqg ￿ fdq eh
frqvlghuhg dv ehlqj ghulyhg iurp wkh pd{lplvdwlrq surjudpv +614,/ uhghqhg lq d
furvv0vhfwlrq frqwh{w dqg frpsohwhg zlwk wkh glvwulexwlrq idfwru 51 Frqvhtxhqwo|/




















zkhuh wkh vkdulqj uxoh / wkdw ghqhv wkh lqwudkrxvhkrog doorfdwlrq surfhvv/ lv
dvvxphg wr eh wzlfh frqwlqxrxvo| glhuhqwldeoh1
Fkldssrul/ Iruwlq dqg Odfurl{ +4<<;, suryhg wkdw wklv vhw0xs lpsolhv whvwdeoh
uhvwulfwlrqv ri wkh froohfwlyh prgho rq revhuyhg oderxu vxsso| ehkdylrxu1 Lqvwhdg
ri hqxphudwlqj wkhvh uhvwulfwlrqv/ zh zloo irfxv rq wkh lqwxlwlrq ehklqg wkh ghulyd0
wlrq ri wkhvh1 Wkh rewdlqhg uhvxowv duh hqwluho| gulyhq wkurxjk wkh dssolfdelolw|
ri wkh vkdulqj uxoh uhvxow1 Iluvw/ dv lv fohdu iurp htxdwlrq +617, pdujlqdo fkdqjhv
45Wkh vdph uhvxowv fdq eh rewdlqhg zlwk fdulqj suhihuhqfhv1 Wr vdyh rq qrwdwlrq krzhyhu/ zh
kdyh rswhg iru dq dqdo|vlv xqghu hjrlvwlf suhihuhqfhv1 Qrwh ixuwkhu wkdw zh zloo qrw irfxv rq
sxeolf jrrgv1 Wklv grhv qrw fkdqjh wkh pdlq uhvxowv1
53lq wkh glvwulexwlrq idfwru 5 rqo| dhfw lqglylgxdo oderxu vxssolhv ￿ dqg ￿ yld
wkh vkdulqj uxoh 1 Vhfrqg/ d pdujlqdo fkdqjh ri d krxvhkrog phpehu*v zdjh kdv
rqo| dq lqfrph hhfw rq wkh rwkhu rqh*v oderxu vxsso|1 Wklv lqfrph hhfw uxqv
wkurxjk wkh lqglylgxdov* vkduhv ri ixoo lqfrph1 Ilqdoo|/ dovr pdujlqdo fkdqjhv lq




kdyh dq lqgluhfw hhfw rq oderxu vxssolhv
yld wkh vkduhv ri ixoo lqfrph ri erwk krxvhkrog phpehuv461 Wdnhq wrjhwkhu/ wkhvh
uhvxowv doorz wr ghulyh wkh pdujlqdo udwhv ri vxevwlwxwlrq/ ehwzhhq hdfk frxsoh
ri yduldeohv ri wkh vhw
q
￿c ￿c+￿c+ ￿c+ Mc5
r
/ ri wkh vkdulqj uxoh  lq whupv ri
revhuydeoh oderxu vxssolhv ￿ dqg ￿471 E| phdqv ri wklv vhw ri pdujlqdo vxe0












Y5, fdq eh ghulyhg1 Lq rughu wr pdnh wklv vhw ri sduwldo glhuhqwldo













1 Vlqfh ohlvxuh ^U
f ' AU fdq dovr eh frqvlghuhg
dv uhvxowlqj iurp wkh pd{lplvdwlrq ri wkh lqglylgxdo xwlolw| ixqfwlrq U vxemhfw wr
wkh vkduh U +fi1 htxdwlrq +614,,/ wkh xvxdo lqwhjudelolw| frqglwlrqv ri v|pphwu|
dqg qhjdwlylw| ri wkh dvvrfldwhg Voxwvn| pdwul{ kdyh wr eh vdwlvhg481
Wkh pdlq uhvxow ri Fkldssrul/ Iruwlq dqg Odfurl{ +4<<;, qrz lv/ wkdw li doo
wkhvh frqglwlrqv duh vdwlvhg/ wkh vkdulqj uxoh  l vl g h q w l  h gx sw rd qd g g l w l y h
frqvwdqw1 Lw fdq eh vkrzq wkdw dovr lqglylgxdo frqvxpswlrqv ri wkh Klfnvldq dj0
juhjdwh frpprglw| S￿ dqg S￿ duh lghqwlhg xs wr wkh vdph dgglwlyh frqvwdqw1
Pruhryhu/ nhhslqj lq plqg wkh vkdulqj uxoh uhvxow/ dovr lqglylgxdo lqgluhfw xwlo0
lw| ixqfwlrqv fdq eh ghqhg/ iru d jlyhq dgglwlyh frqvwdqw/ yld revhuydeoh oderxu
vxsso| ehkdylrxu1 Dv wr wkh vkdulqj uxoh/ wklv lpsolhv wkdw lw zloo lq jhqhudo eh
lpsrvvleoh wr suhglfw wkdw/ vd|/ 93( ri wrwdo krxvhkrog lqfrph zloo eh doorfdwhg
wr lqglylgxdo  dqg 73( wr lqglylgxdo  lq d fhuwdlq zdjh dqg qrqoderxu lqfrph
uhjlph1 Rq wkh rwkhu kdqg/ wkh jlyhq vhw0xs doorzv vwdwhphqwv dv d rqh shufhqw
lqfuhdvh ri lqglylgxdo *v zdjh zloo fkdqjh klv vkduh lq wrwdo lqfrph e| % shufhqw1
Wkhvh duh lpsruwdqw lghqwlfdwlrq uhvxowv/ vlqfh qh{w wr d uhvwulfwlrq rq lqglylgxdo
suhihuhqfhv/ rqo| Sduhwr h!flhqf| ri krxvhkrog ehkdylrxu lv dvvxphg1 Lq sduwlf0
xodu/ wkh froohfwlyh dssurdfk doorzv wr dqdo|vh wkh hhfwv ri srolf| uhirupv xsrq
lqglylgxdo krxvhkrog phpehuv/ erwk lq whupv ri lqglylgxdo zhoiduh dqg lq whupv
46Qrwh wkdw wklv lv d voljkw jhqhudolvdwlrq ri wkh uhvxowv ri Fkldssrul/ Iruwlq dqg Odfurl{ +4<<;,/
zkr dvvxph wkdw rqo| wrwdo krxvhkrog qrqoderxu lqfrph |V lv revhuydeoh1 Lw lv rswhg iru wkh
jhqhudolvdwlrq wr nhhs qrwdwlrq dv forvh dv srvvleoh wr wkdw ri suhylrxv uhvxowv1 Lq wkh qh{w
sdudjudsk/ zh zloo dovr dvvxph wkdw rqo| |V lv revhuyhg1











48Lq wkh jlyhq vhw0xs zlwk rqo| wzr frpprglwlhv dv dujxphqwv lq wkh lqglylgxdo xwlolw| ixqf0
wlrqv dqg rqh ri wkh sulfhv vhw htxdo wr rqh/ d qhjdwlyh h￿hfw ri d frpshqvdwhg fkdqjh lq zL rq
ohlvxuh tL
3 lv doo wkdw lv uhtxluhg1
54ri ghulyhg lqglylgxdo frqvxpswlrq1 Qrwh wkdw vxfk lghqwlfdwlrq uhvxowv zloo lq
jhqhudo qrw h{lvw lq wkh xqlwdu| prgho1 Frqvhtxhqwo|/ zlwk uhjdug wr qrupdwlyh
zhoiduh dqdo|vhv/ wkh froohfwlyh prgho kdv d ghflvlyh dgydqwdjh ryhu wkh xqlwdu|
rqh1
Fkldssrul/ Iruwlq dqg Odfurl{ +4<<;, whvwhg wkh deryh froohfwlyh krxvhkrog
prgho rq d vdpsoh ri frxsohv zlwkrxw suh0vfkrro fkloguhq1 Wkh| frqvlghuhg wkh
vh{ udwlr/ ghqhg dv wkh qxpehu ri pdohv ryhu wkh qxpehu ri pdohv dqg ihpdohv
iru vhyhudo vrflrorjlfdo jurxsv/ dv wkh glvwulexwlrq idfwru1 Wkh uhvwulfwlrqv ri wkh
froohfwlyh prgho frxog qrw eh uhmhfwhg rq wkh edvh ri wkhlu uhvxowv1 Dv wr wkh
vkdulqj uxoh/ wkh| irxqg d vljqlfdqw srvlwlyh uhodwlrqvkls ehwzhhq wkh vh{ udwlr
dqg wkh zlih*v vkduh lq ixoo lqfrph1 Rq wkh rwkhu kdqg/ dq lqfuhdvh lq wkh zlih*v
zdjh udwh lqgxfhv d kljkhu wudqvihu wr wkh kxvedqg/ wkdq wkh rwkhu zd| durxqg1
615151 Froohfwlyh oderxu vxsso| zlwkrxw revhuydeoh glvwulexwlrq idfwruv
Lq zkdw iroorzv/ zh zloo sxw pruh lqirupdwlrq frqvwudlqwv rq dydlodeoh gdwd1 Frq0
wudu| wr wkh suhylrxv vhfwlrq/ zh zloo dvvxph wkdw rqo| lqglylgxdo zdjhv ri erwk
krxvhkrog phpehuv dqg wrwdo krxvhkrog qrqoderxu lqfrph duh revhuyhg1 Wklv lv
wkh vhw0xs dvvxphg e| Fkldssrul +4<;;d/ 4<<5, lq klv lqlwldo frqwulexwlrqv wr wkh
froohfwlyh dssurdfk1
Xqghu wkhvh dvvxpswlrqv/ wkh jhqhudo froohfwlyh krxvhkrog prgho ri htxdwlrq






































zkhuh + 5 LU n ghqrwhv wrwdo krxvhkrog qrqoderxu lqfrph1 Wklv pd{lplvdwlrq
sureohp zloo uhvxow lq d vhw ri oderxu vxsso| ixqfwlrqv/ zlwk ixoo lqfrph dqg zdjhv
dv wkh rqo| dujxphqwv1 Jlyhq wkdw hjrlvwlf +ru fdulqj, suhihuhqfhv duh dvvxphg/
wkh lqglylgxdo oderxu vxsso| fdq djdlq eh zulwwhq dv d ixqfwlrq ri wkh vkduh lq
ixoo lqfrph dqg wkh rzq zdjh udwh1
Wkh sureohp zlwk wklv vhw0xs zlwkrxw revhuydeoh glvwulexwlrq idfwruv/ lv wkdw
wkh vlpsoh ghulydwlrq ri wkh sduwldov ri wkh vkdulqj uxoh / lq whupv ri uvw0rughu
ghulydwlyhv ri oderxu vxsso| ixqfwlrqv/ lv qr orqjhu srvvleoh1 Lq Fkldssrul +4<;;d,/
d vhw ri whvwdeoh uhvwulfwlrqv ri wkh froohfwlyh dssurdfk rq revhuydeoh oderxu vxsso|
lv ghulyhg1 Wkhvh uhvwulfwlrqv pdnh xvh ri vhfrqg0rughu dqg wklug0rughu ghulydwlyhv
ri revhuydeoh oderxu vxsso|1 Frqvhtxhqwo|/ uhvxowv pd| eh frqvlghuhg dv ohvv ur0
exvw wkdq wkrvh ghulyhg lq d frqwh{w zlwk revhuydeoh glvwulexwlrq idfwruv1 Li wkh
uhvwulfwlrqv duh vdwlvhg/ wkh vkdulqj uxoh  dqg lqglylgxdo frqvxpswlrq ri wkh
55Klfnvldq djjuhjdwh frpprglw| S￿ dqg S￿ fdq eh lghqwlhg xs wr dq dgglwlyh
frqvwdqw1 Iru d sduwlfxodu fkrlfh ri wklv dgglwlyh frqvwdqw/ wkh lqglylgxdo xwlolw|
ixqfwlrqv ￿ dqg ￿ duh xqltxho| ghqhg1 Djdlq/ wkhvh uhvxowv duh gulyhq wkurxjk
wkh vkdulqj uxoh uhvxow wkdw lv dssolfdeoh xqghu hjrlvwlf dqg fdulqj suhihuhqfhv1
Fkldssrul +4<;;d, dovr ghulyhg vrph uhvwulfwlrqv rq revhuyhg oderxu vxsso| xq0






iru U ' c1 Lw wxuqhg
rxw wkdw rqo| qrqsdudphwulf uhvwulfwlrqv +l1h1/ frqglwlrqv edvhg rq uhyhdohg suhi0
huhqfhv/ vhh/ h1j1/ Yduldq/ 4<;5, fdq eh ghulyhg zlwk vxfk suhihuhqfhv1
Uhvwulfwlrqv ri wklv froohfwlyh oderxu vxsso| prgho kdyh ehhq whvwhg e| Iruwlq
dqg Odfurl{ +4<<:,1 Zkloh wkh uhvwulfwlrqv ri wkh xqlwdu| prgho +Voxwvn| v|pph0
wu| dqg lqfrph srrolqj k|srwkhvlv, zhuh vwurqjo| uhmhfwhg/ wkh lpsolfdwlrqv ri wkh
froohfwlyh prgho frxog qrw eh uhmhfwhg iru krxvhkrogv zlwkrxw suh0vfkrro fkloguhq1
6161 Frqvxpswlrq ehkdylrxu zlwkrxw sulfh yduldwlrq
Lq wkh iruphu sdudjudskv/ zh frqfhqwudwhg rq froohfwlyh oderxu vxsso| prghov lq d
furvv0vhfwlrq frqwh{w1 Wkhuh lw zdv dvvxphg wkdw rqo| oderxu vxsso| lqirupdwlrq
zdv fdswxuhg e| d jlyhq gdwdvhw1 Frqvhtxhqwo|/ lqirupdwlrq rq frqvxpswlrq zdv
uhvwulfwhg wr wkh frqvxpswlrq ri d Klfnvldq djjuhjdwh frpprglw|1 Qrz/ zh zloo
wxuq wkh wdeohv1 Lq pdq| krxvhkrog exgjhw vxuyh|v/ rqo| ghwdlohg lqirupdwlrq
lv dydlodeoh rq krxvhkrogv* doorfdwlrqv ri h{shqglwxuhv wr glhuhqw frpprglwlhv1
Lqglylgxdo zdjhv dqg oderxu vxsso| duh odfnlqj lq pdq| fdvhv1
Wkh vhw0xs ri wkh fxuuhqw froohfwlyh krxvhkrog prgho zloo wkhuhiruh eh dv iro0
orzv1 Iluvw/ zh zloo dvvxph wkdw oderxu vxsso| lv {hg1 L1h1/ erwk krxvhkrog
phpehuv zrun d {hg dprxqw ri krxuv +wkdw pd| eh }hur, zklfk wkxv jhqhudwhv
dq h{rjhqrxv lqfrph1 Wklv oderxu lqfrph pd| eh dxjphqwhg e| lqglylgxdo dqg
krxvhkrog qrqoderxu lqfrphv1 Vhfrqg/ dv lv xvxdo lq pdq| krxvhkrog exgjhw
vxuyh|v/ qr uhodwlyh sulfh yduldwlrq lv revhuydeoh1 D wklug dvvxpswlrq lv wkdw lq0
glylgxdo suhihuhqfhv ryhu frqvxpswlrq jrrgv duh ri wkh hjrlvwlf ru fdulqj w|sh491
Wklv zloo djdlq doorz wr pdnh xvh ri wkh vkdulqj uxoh uhvxow wr ghulyh whvwdeoh lpsol0
fdwlrqv ri wklv froohfwlyh prgho dqg wr surylgh vrph lghqwlfdwlrq uhvxowv1 Irxuwk/
zh zloo dvvxph wkdw wkhuh lv dw ohdvw rqh frpprglw| ri zklfk lqglylgxdo ghpdqgv
duh revhuydeoh1 Forwklqj zrxog eh d jrrg h{dpsoh li rqh ri wkh krxvhkrog php0
ehuv rqo| zhduv phq*v forwklqj/ zkloh wkh rwkhu rqh rqo| zrphq*v forwklqj1 Qrwh
wkdw wklv frpprglw| sod|v wkh vdph uroh lq wkh fxuuhqw prgho dv lqglylgxdo oderxu
vxssolhv lq wkh froohfwlyh oderxu vxsso| prghov1 Ilqdoo|/ lw lv dvvxphg wkdw wkhuh
lv dw ohdvw rqh glvwulexwlrq idfwru revhuydeoh1
Wkhvh dvvxpswlrqv fdq eh wudqvodwhg lq d qhz pd{lplvdwlrq sureohp/ wkdw uh0
vxowv lq d Sduhwr h!flhqw doorfdwlrq ri h{shqglwxuhv rq sulydwh jrrgv wr lqglylgxdo
49Qrwh wkdw zh gr qrw irfxv rq sxeolf frqvxpswlrq rqfh djdlq1































/ iru U ' c/ lv lqglylgxdo U*v frqvxpswlrq yhfwru/ 
 lv
d yhfwru wkdw frqwdlqv d froxpq ri 4*v/ 5 lv dq revhuyhg glvwulexwlrq idfwru dqg
% duh wrwdo krxvhkrog h{shqglwxuhv1 Qrwh wkdw/ zlwkrxw orvlqj jhqhudolw| lq wklv
furvv0vhfwlrq frqwh{w/ doo frpprglw| sulfhv duh vhw htxdo wr rqh1 Uhpdun ixuwkhu
wkdw wkh lqglylgxdov* edujdlqlqj zhljkwv > dqg E  > zloo lq jhqhudo ghshqg rq
%/ dv wkh h{rjhqrxv yduldeoh ri wkh deryh pd{lplvdwlrq sureohp1 Ohw xv qrz
dvvxph wkdw wkh lqglylgxdo ghpdqgv iru frpprglw| 4/ ^￿
￿ dqg ^￿
￿ / duh revhuydeoh1
Wkh pd{lplvdwlrq sureohp wkhq/ uhvxowv lq wkh iroorzlqj vhw ri ? nrevhuydeoh




















lv wkh revhuyhg krxvhkrog ghpdqg rq wkh frq0
vxpswlrq jrrgv ri zklfk lqglylgxdo frqvxpswlrq fdqqrw eh glvwlqjxlvkhg1 Wkh
htxdwlrqv ri lqwhuhvw duh wkhvh dvvrfldwhg zlwk ^￿
￿ dqg ^￿
￿ 1 Vlqfh lqglylgxdo suhihu0
hqfhv duh dvvxphg wr eh ri wkh hjrlvwlf ru fdulqj w|sh/ zh fdq djdlq pdnh xvh ri
wkh vkdulqj uxoh uhvxow +vhh Erxujxljqrq hw doll/ 4<<6 dqg Eurzqlqj hw doll/ 4<<7,1
Ghqrwlqj E%c5 dqg %  E%c5 dv wkh uhvshfwlyh vkduhv lq wrwdo krxvhkrog h{0
shqglwxuhv ri lqglylgxdov  dqg / zh fdq uhzulwh wkh Hqjho fxuyhv ri revhuydeoh










￿ E%  E%c5
Yld wkh irxu sduwldo ghulydwlyhv ri wkhvh htxdwlrqv/ d vhw ri wzr pdujlqdo udwhv ri
vxevwlwxwlrq ri  fdq eh ghulyhg1 E| phdqv ri wkhvh pdujlqdo udwhv ri vxevwlwxwlrq/
wkh sduwldo ghulydwlyhv ri wkh vkdulqj uxoh fdq eh rewdlqhg1 Wklv vhw ri sduwldo
glhuhqwldo htxdwlrqv lv lqwhjudeoh wr wkh wzlfh frqwlqxrxvo| glhuhqwldeoh vkdulqj




Y5Y% lv vdwlvhg/ zklfk lv d whvwdeoh
uhvwulfwlrq ri wkh froohfwlyh prgho1
Lq olqh zlwk wkh uhvxowv vnhwfkhg lq wkh iruphu sdudjudsk/ wklv prgho doorzv
vrph lghqwlfdwlrq uhvxowv li wkh uhvwulfwlrqv/ lpsolhg e| wkh froohfwlyh dssurdfk/
57duh vdwlvhg1 Iluvw/ wkh vkdulqj uxoh fdq eh lghqwlhg xs wr dq dgglwlyh frqvwdqw1
Vhfrqg/ iroorzlqj wkh vkdulqj uxoh lghqwlfdwlrq/ wkh lqglylgxdo vkduhv lq h{shqgl0
wxuhv rq sulydwh frpprglwlhv duh lghqwldeoh xs wr wkh vdph dgglwlyh frqvwdqw4:1
Eurzqlqj hw doll +4<<7, dssolhg wkh deryh prgho rq Fdqdgldq krxvhkrog exgjhw
gdwd1 Forwklqj zdv fkrvhq dv wkh frpprglw| ri zklfk lqglylgxdo frqvxpswlrq +lq
wklv fdvh phq*v dqg zrphq*v forwklqj, lv revhuydeoh1 Wkh| frxog qrw uhmhfw wkh
uhvwulfwlrqv ri wkh froohfwlyh krxvhkrog prgho1 Glhuhqfhv lq djhv dqg lqfrphv ri
erwk krxvhkrog phpehuv dqg wrwdo krxvhkrog h{shqglwxuhv kdg d kljko| vljqlfdqw
lq xhqfh rq wkh vkdulqj uxoh1
6171 Rwkhu dssolfdwlrqv ri wkh froohfwlyh dssurdfk
Wkh deryh frqwulexwlrqv wr wkh froohfwlyh dssurdfk/ dv ghqhg e| Fkldssrul +4<;;d,/
zhuh sulpdulo| irfxvhg rq wkh ghulydwlrq ri whvwdeoh lpsolfdwlrqv dqg lghqwlfd0
wlrq uhvxowv1 Judgxdoo|/ wkh froohfwlyh dssurdfk lv jhwwlqj pruh dqg pruh uhqhg1
Pruhryhu/ pdq| plfurhfrqrplf prghov/ edvhg rq wkh xqlwdu| dssurdfk/ duh wudqv0
odwhg lq whupv ri froohfwlyh krxvhkrog prghov1 Lq wklv sdudjudsk/ d ihz h{dpsohv
duh jlyhq ri wkhvh uhqhphqwv dqg qhz uhvhdufk wudfnv1
Wkh dqdo|vlv ri krxvhkrog oderxu vxsso| zdv yhu| uxglphqwdu| xs wr qrz1
Zh dvvxphg wkdw zdjhv zhuh revhuydeoh dqg {hg iru erwk krxvhkrog phpehuv/
zklfk jdyh ulvh wr vlpsoh olqhdu exgjhw frqvwudlqwv1 Lq Eoxqghoo hw doll +4<<;,/ d
pruh uhdolvwlf froohfwlyh oderxu vxsso| prgho lv ghyhorshg1 Lw doorzv erwk qrqsdu0
wlflsdwlrq dqg xqrevhuyhg suhihuhqfh khwhurjhqhlw|/ zklfk lv qrzdgd|v frpprq
lq xqlwdu| oderxu vxsso| prghov +vhh Eoxqghoo dqg PdFxug|/ 4<<<,1 Lq frqfuhwr/
Eoxqghoo hw doll +4<<;, frqvlghu wkh srvvlelolw| ri fruqhu vroxwlrqv lq ihpdoh hp0
sor|phqw dqg d glvfuhwh fkrlfh iudphzrun +zrunlqj yhuvxv qrw zrunlqj, iru phq
zlwk qr yduldelolw| lq oderxu vxsso|1 Iluvw/ xqghu wkh dvvxpswlrq ri hjrlvwlf ru
fdulqj suhihuhqfhv dqg vrph uhjxodulw| frqglwlrqv/ wkh| vkrz wkdw wklv froohfwlyh
krxvhkrog prgho ohdgv wr whvwdeoh lpsolfdwlrqv rq revhuyhg krxvhkrog ehkdylrxu1
Lq dgglwlrq/ lqglylgxdo suhihuhqfhv dqg wkh vkdulqj uxoh fdq eh uhfryhuhg xs wr dq
dgglwlyh frqvwdqw1 Vhfrqg/ Eoxqghoo hw doll +4<<;, jhqhudolvh wkh prgho lq rughu
wr wdnh dffrxqw ri suhihuhqfh khwhurjhqhlw| dqg xqrevhuyhg zdjhv iru qrqsduwlf0
lsdqwv lq wkh oderxu pdunhw1 Iru wkh fdvh ri olqhdu oderxu vxsso| ixqfwlrqv dqg
vkdulqj uxohv/ ixuwkhu lghqwlfdwlrq uhvxowv duh ghulyhg1 Wkh prgho zdv dssolhg
rq wkh XN Idplo| H{shqglwxuh Vxuyh|/ zlwk d irfxv rq pduulhg frxsohv zlwkrxw
fkloguhq1 Wkh uhvwulfwlrqv ri wkh froohfwlyh krxvhkrog prgho frxog qrw eh uhmhfwhg
rq wkh edvh ri wkhlu uhvxowv1
Dq lpsruwdqw uhlqwhusuhwdwlrq ri krxvhkrog ehkdylrxu lv rewdlqhg lq wkh krxvh0
4:Ixuwkhu uhvxowv rq wkh froohfwlyh dssurdfk wr krxvhkrog ehkdylrxu lq d furvv0vhfwlrq frqwh{w
fdq eh irxqg lq Erxujxljqrq/ Eurzqlqj dqg Fkldssrul +4<<7,1
58krog surgxfwlrq wkhru|1 Wklv dssurdfk dvvxphv wkdw krxvhkrogv ghulyh zhoiduh
iurp vrph qrqpdunhw jrrgv wkdw duh surgxfhg zlwklq wkh krxvhkrog e| phdqv
ri jrrgv erxjkw lq wkh pdunhw dqg ohlvxuh wlph +vhh/ h1j1/ Ghdwrq dqg Pxhoo0
edxhu/ 4<;3,1 Dssv dqg Uhhv +4<<9/ 4<<:, pdnh d sohd iru wkh lqwurgxfwlrq ri
krxvhkrog surgxfwlrq lq wkh froohfwlyh dssurdfk/ vlqfh lwv devhqfh lv qrw hqwluho|
lqqrfxrxv li zhoiduh lvvxhv duh frqvlghuhg1 Lq wkh prghov glvfxvvhg deryh/ doo
wlph qrw vshqw lq oderxu vxsso| lv lqwhusuhwhg dv ohlvxuh1 Krzhyhu/ lw pd| eh
wkh fdvh wkdw vrph ri wklv ohlvxuh wlph lv dq lqsxw lq wkh krxvhkrog surgxfwlrq
surfhvv ri qrqpdunhw jrrgv1 Lq Fkldssrul +4<<:,/ vrph lghqwlfdwlrq uhvxowv duh
ghulyhg iru d froohfwlyh krxvhkrog prgho wkdw doorzv iru krxvhkrog surgxfwlrq1 Li
wkh grphvwlfdoo| surgxfhg frpprglw| lv pdunhwdeoh dqg suhihuhqfhv duh hjrlvwlf
ru fdulqj/ wkh froohfwlyh dssurdfk lpsolhv vrph whvwdeoh frqglwlrqv rq revhuyhg
oderxu vxsso| ehkdylrxu1 Lq wklv vhw0xs/ wkh vkdulqj uxoh fdq eh lghqwlhg xs wr
dq dgglwlyh frqvwdqw1 Lq wkh fdvh ri d qrqpdunhwdeoh grphvwlfdoo| surgxfhg jrrg/
pruh dvvxpswlrqv rq wkh lqwudkrxvhkrog ghflvlrq surfhvv duh qhhghg wr lghqwli|
wkh vkdulqj uxoh1
Lq Erxujxljqrq +4<<<,/ wkh froohfwlyh frqvxpswlrq prgho ri Eurzqlqj hw
doll +4<<7, lv h{whqghg wr wkh fdvh zkhuh fkloguhq duh frqvlghuhg dv d sxeolf frq0
vxpswlrq jrrg wr wkh dgxow krxvhkrog phpehuv1 E| phdqv ri wklv dssurdfk/
vrph zd|v duh h{sorlwhg wr hvwlpdwh wkh frvw ri fkloguhq +vhh/ h1j1/ Ydq Suddj dqg
Zduqddu/ 4<<:,1 Li suhihuhqfhv duh ri wkh fdulqj w|sh/ wkhq wkh vkdulqj uxoh fdq
eh lghqwlhg xs wr d frqvwdqw1 Frqvhtxhqwo|/ wklv doorzv iru dq dqdo|vlv ri krz
lqglylgxdo exgjhwv +dovr wkdw vshqw rq fkloguhq, fkdqjh li wkh krxvhkrog exgjhw
frqvwudlqw fkdqjhv1 Frqwudu| wr rwkhu phwkrgv wr hvwlpdwh wkh frvw ri fkloguhq/
lghqwlfdwlrq grhv qrw uho| rq wkh frpsdulvrq ri frqvxpswlrq ehkdylrxu dfurvv
glhuhqw ghprjudsklf jurxsv ri krxvhkrogv1 Wkh rwkhu vlgh ri wkh frlq krzhyhu/
lv wkdw wkh vkdulqj uxoh lv rqo| lghqwlhg xs wr d frqvwdqw1 Wklv lpsolhv wkdw wkh
dfwxdo doorfdwlrq ri wkh krxvhkrog exgjhw wr wkh lqglylgxdo phpehuv fdqqrw eh
uhfryhuhg zlwkrxw dgglwlrqdo dvvxpswlrqv1
Ghufrq dqg Nulvkqdq +5333, olqn wkh froohfwlyh krxvhkrog prgho wr wkh olwhud0
wxuh rq frqvxpswlrq vprrwklqj dqg ulvn0vkdulqj1 Wklv olwhudwxuh pdlqo| irfxvhv
rq wkh delolw| ri wkh krxvhkrog wr vprrwk frqvxpswlrq ryhu wlph1 Lq Ghufrq
dqg Nulvkqdq +5333,/ Hwklrsldq sdqho gdwd duh xvhg wr whvw zkhwkhu lqglylgxdo
krxvhkrog phpehuv nhhs frqvxpswlrq vprrwk ryhu wlph1 Dsduw iurp wkdw/ wkh|
lqyhvwljdwh zkhwkhu krxvhkrogv gr hqjdjh lq ulvn0vkdulqj1 Wkh| vkrz wkdw/ xqghu
xqfhuwdlqw|/ wkh dvvxpswlrq ri Sduhwr h!flhqf| ri krxvhkrog doorfdwlrqv uhtxluhv
lqfrph vkrfn srrolqj1 Wklv lpsolhv wkdw vshflf lqfrph vkrfnv wr lqglylgxdov lq
wkh krxvhkrog duh lqvxuhg e| wkh rwkhu phpehuv ri wkh krxvhkrog1 Pruh vshfl0
fdoo|/ li wkh krxvhkrog lv d ulvn0vkdulqj lqvwlwxwlrq/ wkhq lqglylgxdo vshflf vkrfnv
vkrxog rqo| kdyh dq hhfw rq wkh krxvhkrog*v doorfdwlrq ri frqvxpswlrq yld wkh
59krxvhkrog exgjhw frqvwudlqw1 D whvw ri wkh froohfwlyh krxvhkrog prgho xqghu xq0
fhuwdlqw| wkhq/ frqvlvwv ri whvwlqj iru ulvn0vkdulqj1 Shukdsv glvvrqdqw iurp hduolhu
uhvxowv lq wklv wh{w/ Ghufrq dqg Nulvkqdq +5333, uhmhfwhg wkh ulvn vkdulqj dvvxps0
wlrq1 Rq lwv wxuq/ wklv lpsolhv wkh devhqfh ri Sduhwr h!flhqw krxvhkrog doorfdwlrqv1
71 Lqwurgxflqj h{wud edujdlqlqj d{lrpv
Klwkhuwr/ zh dvvxphg rqo| Sduhwr h!flhqf| ri lqwudkrxvhkrog doorfdwlrqv lq wkh
glhuhqw froohfwlyh krxvhkrog prghov1 Wkh erxqgdu| ri wkh xwlolw| srvvlelolw| vhw
krzhyhu/ frqwdlqv dq lqqlw| ri Sduhwr h!flhqw doorfdwlrqv +fi1 htxdwlrq +517,,1
Li rqh lv uhdg| wr dgrsw vrph pruh d{lrpv/ ehvlghv Sduhwr h!flhqf|/ pruh vsh0
flf uhvxowv rq krxvhkrog ehkdylrxu fdq eh rewdlqhg1 Wklv lv h{dfwo| zkdw kdv
ehhq grqh lq hduo| frqwulexwlrqv wr wkh dssurdfk ri pxowlsoh ghflvlrqpdnhuv lq
d krxvhkrog1 Pdqvhu dqg Eurzq +4<;3,/ h1j1/ ghulyhg hpslulfdo lpsolfdwlrqv rq
ghpdqg iru d{lrpdwlf edujdlqlqj vroxwlrqv dv wkh glfwdwruldo/ wkh Qdvk dqg wkh
Ndodl0Vprurglqvn| uxohv1 PfHour| dqg Kruqh| +4<;4, surfhhghg zlwk wkh Qdvk
vroxwlrq dqg ghulyhg d jhqhudolvdwlrq ri Voxwvn| v|pphwu|1
Wkh Qdvk vroxwlrq/ h1j1/ lv rewdlqhg li wkh d{lrp ri Sduhwr h!flhqf| lv vxs0
sohphqwhg e| wkuhh rwkhu d{lrpv= v|pphwu|/ lqghshqghqfh ri xwlolw| ruljlqv dqg
xqlwv/ dqg frqwudfwlrq lqghshqghqfh +vhh Wkrpvrq/ 4<<7,1 Wkh d{lrp ri v|p0
phwu| lpsolhv wkdw li krxvhkrog phpehuv duh lghqwlfdo/ wkhq wkh jdlqv iurp fr0
rshudwlrq duh glylghg htxdoo|1 Lqghshqghqfh ri xwlolw| ruljlqv dqg xqlwv uhtxluhv
wkdw wkh d{lrpdwlf edujdlqlqj vroxwlrq lv lqyduldqw wr srvlwlyh d!qh wudqvirupd0
wlrqv ri wkh xwlolwlhv ri wkh krxvhkrog phpehuv1 Pruh vshflfdoo|/ dowkrxjk wkdw
wkh Qdvk vroxwlrq lv gulyhq e| fduglqdo lqirupdwlrq/ wkhuh lv qr qhhg iru lqwhushu0
vrqdo frpsdudelolw| ri xwlolwlhv1 Ilqdoo|/ wkh d{lrp ri frqwudfwlrq lqghshqghqfh +ru
lqghshqghqfh ri luuhohydqw dowhuqdwlyhv, lpsolhv wkdw li dq doorfdwlrq lv wkh edu0
jdlqlqj rxwfrph iru d fhuwdlq xwlolw| srvvlelolw| vhw/ wkhq wklv doorfdwlrq uhpdlqv
wkh edujdlqlqj rxwfrph iru d frqwudfwhg xwlolw| srvvlelolw| vhw wkdw vwloo lqfoxghv
wklv doorfdwlrq1 Frqvhtxhqwo|/ krxvhkrog ehkdylrxu wkdw vdwlvhv wkhvh d{lrpv




















































zkhuh h U EU ' c lv lqglylgxdo U*v wkuhdw srlqw ru glvdjuhhphqw srlqw1 Wklv lv
wkh rxwfrph wkdw rffxuv li qr froohfwlyh djuhhphqw lv uhdfkhg1 Wkh Qdvk vroxwlrq
5:lv wkxv wkh rxwfrph wkdw pd{lplvhv wkh surgxfw ri wkh jdlqv wr frrshudwlrq xqghu
wkh krxvhkrog exgjhw frqvwudlqw1
D ihz uhpdunv duh xqghu glvfxvvlrq zlwk uhjdug wr wklv dssurdfk1 Iluvw/ lq
rughu wr eh deoh wr dsso| Qdvk edujdlqlqj +ru vhyhudo rwkhu edujdlqlqj uxohv, wkh
wkuhdw srlqwv kdyh wr eh surshuo| ghqhg1 Wkh sureohp lv wkdw lw lv qrw yhu| fohdu
zklfk glvdjuhhphqw srlqwv vkrxog eh fkrvhq1 Duh wkh xwlolw| ohyhov dvvrfldwhg zlwk
xqfrrshudwlyh krxvhkrog ehkdylrxu dssursuldwh/ ru vkrxog rqh fkrrvh wkh xwlolw|
ohyhov zkhq glyrufhg +olylqj dorqh, B Wkh uvw dssurdfk zdv iroorzhg e| Oxqgehuj
dqg Sroodn +4<<6,/ zkloh wkh vhfrqg lv dgyrfdwhg e| PfHour| +4<<3,1 Hyhq li rqh
djuhhv rq zklfk wkuhdw srlqwv duh wr eh fkrvhq/ qrw doo sureohpv kdyh ehhq vkhoyhg1
PfHour| +4<<3, dqg PfHour| dqg Kruqh| +4<<3,/ sursrvh wr hvwlpdwh wkh wkuhdw
srlqwv e| phdqv ri frqvxpswlrq dqg oderxu vxsso| gdwd rq lqglylgxdov zkr duh
glyrufhg1 Frqvxpswlrq dqg oderxu vxsso| gdwd rq pxowlshuvrq krxvhkrogv lv wkhq
wr eh frpsohwhg zlwk wkh hvwlpdwhg wkuhdw srlqwv1 Krzhyhu/ wklv dssurdfk wkxv
uhtxluhv wkh lqghshqghqw hvwlpdwlrq ri erwk suhihuhqfhv ri lqglylgxdov olylqj dorqh
dqg suhihuhqfhv ri lqglylgxdov olylqj lq d pxowlshuvrq krxvhkrog1 Vlqfh wkh Qdvk
edujdlqlqj vroxwlrq uhtxluhv d fduglqdo uhsuhvhqwdwlrq ri suhihuhqfhv/ hvwlpdwlrq ri
wkh deryh prgho iurp lqghshqghqw gdwd vhhpv wr eh lpsrvvleoh +Fkldssrul/ 4<;;e/
4<<4,1
D vhfrqg uhpdun rq wkh xvh ri d sduwlfxodu edujdlqlqj uxoh lv wkh iroorzlqj1 Dv
vkrzq e| PfHour| dqg Kruqh| +4<;4,/ krxvhkrog ehkdylrxu wkdw lv dvvxphg wr
eh wkh uhvxow ri Qdvk edujdlqlqj/ vkrxog vdwlvi| vrph wkhruhwlfdo uhvwulfwlrqv1 Li
wkhvh duh hpslulfdoo| uhmhfwhg krzhyhu/ lw lv lpsrvvleoh wr dwwulexwh wklv idloxuh wr
wkh froohfwlyh vhwwlqj dv vxfk ru wr wkh sduwlfxodu edujdlqlqj frqfhsw fkrvhq +vhh
Fkldssrul/ 4<;;d,1 Wkhuhiruh/ Fkldssrul +4<;;d, sohdgv lq idyrxu ri d plqlpxp
ri dvvxpswlrqv rq wkh lqwudkrxvhkrog ghflvlrq surfhvv1 Vlqfh prvw edujdlqlqj
vroxwlrqv ohdg wr d Sduhwr h!flhqw rxwfrph/ wkh d{lrp ri Sduhwr h!flhqf| fdq
eh ghihqghg dv wkh +vroh, vwduwlqj0srlqw ri dq dqdo|vlv ri lqwudkrxvhkrog ghflvlrq
pdnlqj1 Wklv lv h{dfwo| zkdw lv grqh lq wkh prghov ghvfulehg lq wkh iruphu
vhfwlrqv1 Pruhryhu/ li rqo| wkh wrwdo krxvhkrog frqvxpswlrq exqgoh ^ ' ^￿ n
^￿ n" +ru dowhuqdwlyho|/ wrwdo frqvxpswlrq rq d Klfnvldq djjuhjdwh frpprglw|,
lv revhuydeoh/ wkhq dovr wkh Qdvk edujdlqlqj uxoh lv xqdeoh wr hpslulfdoo| lghqwli|
wkh zkroh lqwudkrxvhkrog doorfdwlrq surfhvv1 Qrwh wkdw wklv lv wkh fdvh/ hyhq li wkh
wkuhdw srlqwv fdq eh dghtxdwho| hvwlpdwhg dqg suhihuhqfhv duh hjrlvwlf ru fdulqj1
Lw uhpdlqv d txhvwlrq zkhwkhu wkh dvvxpswlrq ri Qdvk edujdlqlqj  hvkhv rxw wkh
froohfwlyh dssurdfk lq wklv frqwh{w1
Wr frqfoxgh wkh vhfwlrq/ lw lv xvhixo wr vwuhvv wkh lpsruwdqfh ri wkh ixqgdphqwdo
lqvljkw pdgh h{solflw lq edujdlqlqj uxohv1 Lq d vlpsoh xqlwdu| prgho/ sulfhv dqg
ixoo lqfrph duh wkh rqo| h{sodqdwru| yduldeohv1 Wkh edujdlqlqj dssurdfk qrz/
h{whqgv wkh vhw ri h{sodqdwru| yduldeohv lq d yhu| xvhixo zd|1 Hyhu| yduldeoh wkdw
5;fdq eh h{shfwhg wr dhfw wkh wkuhdw srlqwv ri wkh lqglylgxdov fdq eh wdnhq xs lq
wkh dqdo|vlv1 Wklv lghd lv h{dfwo| fdswxuhg e| wkh frqfhsw ri glvwulexwlrq idfwruv
lq wkh froohfwlyh krxvhkrog prgho +fi1 vxsud,1 Dovr wkhvh yduldeohv dhfw wkh
edujdlqlqj srzhu ri lqglylgxdov/ zklfk kdv frqvhtxhqfhv rq wkh fkrvhq Sduhwr
h!flhqw doorfdwlrq1
81 Frqfoxvlrq= lv wkh jdph zruwk wkh fdqgoh B
Wkh froohfwlyh dssurdfk wr krxvhkrog ehkdylrxu vhhpv wr eh d ydoxdeoh dowhuqdwlyh
wr wkh xqlwdu| prgho1 Lq wkh xqlwdu| prgho lw lv dvvxphg wkdw krxvhkrogv ehkdyh
dv li wkh| zhuh vlqjoh ghflvlrq pdnlqj xqlwv1 Frqwudu| wr wklv/ wkh froohfwlyh
dssurdfk h{solflwo| wdnhv dffrxqw ri wkh idfw wkdw pdq| shuvrq krxvhkrogv frqvlvw
ri vhyhudo phpehuv zklfk pd| kdyh glhuhqw suhihuhqfhv1 Dprqj wkhvh krxvhkrog
phpehuv/ dq lqwudkrxvhkrog edujdlqlqj surfhvv lv dvvxphg wr wdnh sodfh1 Wklv
edujdlqlqj surfhvv fdq wdnh pdq| irupv1 Wkh froohfwlyh prgho/ dv ghqhg e|
Fkldssrul +4<;;d,/ rqo| dvvxphv wkdw wkh edujdlqlqj zlwklq d krxvhkrog uhvxowv
lq Sduhwr h!flhqw doorfdwlrqv ri krxvhkrog uhvrxufhv1
Wkh froohfwlyh dssurdfk kdv vrph lpsruwdqw dgydqwdjhv ryhu wkh xqlwdu| prgho1
Vlqfh wkh iruphu dvvljqv lqglylgxdo suhihuhqfhv wr wkh glhuhqw krxvhkrog php0
ehuv/ lw frphv wr phhw wkh sulqflsoh ri phwkrgrorjlfdo lqglylgxdolvp1 Dowkrxjk
wklv Srsshuldq sulqflsoh lv hvvhqwldoo| qrupdwlyh lq qdwxuh/ lw fdq eh dujxhg wr eh
d ihuwloh vwduwlqj srlqw iru vrfldo wkhrulhv1
Shukdsv pruh lpsruwdqw wkdq wkh frpsdwlelolw| zlwk phwkrgrorjlfdo lqglylg0
xdolvp/ lv wkdw wkh froohfwlyh dssurdfk grhv qrw vxemhfw revhuydeoh krxvhkrog eh0
kdylrxu wr wkh hpslulfdo vwudlw0mdfnhw ri wkh xqlwdu| prgho1 Wklv grhv qrw lpso|
krzhyhu/ wkdw dq| revhuydeoh krxvhkrog ehkdylrxu fdq eh vhhq dv frplqj iurp
d froohfwlyh prgho1 Wkh dvvxpswlrq ri Sduhwr h!flhqf| ri krxvhkrog ghflvlrqv
hqjhqghuv whvwdeoh/ dqg wkxv uhmhfwdeoh/ uhvwulfwlrqv rq revhuyhg krxvhkrog door0
fdwlrqv1 Wkhvh uhvwulfwlrqv duh zhdnhu wkdq wkh wkhruhwlfdo lpsolfdwlrqv ri wkh
xqlwdu| prgho/ wkdw lv qhvwhg lq wkh froohfwlyh prgho1 Vlqfh wkh vdph ehkdylrxu
lv h{sodlqhg e| phdqv ri ohvv k|srwkhvhv/ wkh sulqflsoh ri Rfnkdp*v ud}ru zrxog
idyrxu wkh froohfwlyh prgho dv rssrvhg wr wkh xqlwdu| rqh1
D wklug dgydqwdjh ri wkh froohfwlyh dssurdfk lv wkdw lw lv deoh wr vd| pruh rq wkh
lqwudkrxvhkrog glvwulexwlrq ri uhvrxufhv1 Wklv lv hqwluho| plvvlqj lq wkh xqlwdu|
prgho/ zklfk fdq rqo| surylgh wkh edvh iru prghov irfxvlqj rq lqwhukrxvhkrog
lqhtxdolw|1
Wkh froohfwlyh dssurdfk frphv dw d frvw krzhyhu1 Lw lv zhoo0nqrzq wkdw suhihu0
hqfhv fdq eh uhfryhuhg e| phdqv ri revhuydeoh ghpdqg dqg oderxu vxsso|/ li wkh
odwwhu vdwlvi| wkh wkhruhwlfdo uhvwulfwlrqv ri wkh xqlwdu| prgho1 Wklv lv dq lpsru0
wdqw uhvxow iru zhoiduh hfrqrplf lvvxhv1 Lq jhqhudo/ wkh froohfwlyh dssurdfk grhv
5<qrw doorz vxfk d vwurqj lghqwlfdwlrq uhvxow iru lqglylgxdo suhihuhqfhv dqg wkh
lqwudkrxvhkrog ghflvlrq surfhvv1 Qrqhwkhohvv/ d juhdw ghdo ri wklv surfhvv dqg ri
lqglylgxdo suhihuhqfhv fdq eh lghqwlhg e| glqw ri d froohfwlyh prgho dqg vrph
dgglwlrqdo zhdn dvvxpswlrqv1 Wklv zloo doorz dq hydoxdwlrq ri wkh fkdqjhv lq wkh
krxvhkrog phpehuv* vkduhv ri wrwdo uhvrxufhv frplqj iurp fkdqjhv lq wkh hfr0
qrplf hqylurqphqw1 Uhodwlyh vkduhv ri wkh lqlwldo vlwxdwlrq/ rq wkh rwkhu kdqg/
fdqqrw eh lghqwlhg1
Lw vkrxog krzhyhu eh fohdu wkdw rqh pxvw qrw wkurz rxw wkh ede| zlwk wkh
edwk0zdwhu1 Lw fdq eh dujxhg wkdw dq hydoxdwlrq ri srolf| uhirupv lv sulpdulo|
lqwhuhvwhg lq wkh fkdqjh ri d phdvxuh ri zhoiduh/ udwkhu wkdq lq wkh zhoiduh ohyho
lwvhoi1 Wkh srvvlelolw| wr vwdwh wkdw d fhuwdlq srolf| sursrvdo zloo lqfuhdvh wkh
uhvrxufhv jrlqj wr zrphq ru fkloguhq lq krxvhkrogv e| % groodu ru hxur/ surylghv
wkh froohfwlyh dssurdfk zlwk d frpsdudwlyh dgydqwdjh wkdw vkrxog qrw eh xqghu0
hvwlpdwhg1 Wkhuhiruh/ lw vkrxog eh fohdu wkdw wkh dqvzhu rq wkh txhvwlrq lq wkh
wlwoh ri wklv vhfwlrq lv xqdpeljxrxvo| |hv1
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vlrqv= wrzdug d jhqhudol}dwlrq ri wkh wkhru| ri ghpdqg/ Lqwhuqdwlrqdo Hfr0
qrplf Uhylhz/ 55/ 666067<1
^7<` PfHour|/ P1E1 dqg P1M1 Kruqh| +4<<3,/ Qdvk0edujdlqhg krxvhkrog ghfl0
vlrqv= uhso|/ Lqwhuqdwlrqdo Hfrqrplf Uhylhz/ 64/ 56:05751
66^83` Sdko/ M1 +4<;<,/ Prqh| dqg Pduuldjh/ Orqgrq/ Pdfploodq1
^84` Sdq}du/ M1F1 dqg U1G1 Zloolj +4<:9,/ Ylqglfdwlrq ri d frpprq plvwdnh
lq zhoiduh hfrqrplfv/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;7/ 4694046961
^85` Sdunv/ U1S1 +4<<4,/ Sduhwr luuhohydqw h{whuqdolwlhv/ Mrxuqdo ri Hfrqrplf
Wkhru|/ 87/ 49804:<1
^86` Sklssv/ V1D1 dqg S1V1 Exuwrq +4<<9,/ Froohfwlyh prghov ri idplo| ehkdy0
lrxu= lpsolfdwlrqv iru hfrqrplf srolf|/ Fdqdgldq Sxeolf Srolf| 0 Dqdo|vh gh
Srolwltxhv/ 55/ 45<04761
^87` Sroodn/ U1D1 +4<::,/ Sulfh ghshqghqw suhihuhqfhv/ Dphulfdq Hfrqrplf Uh0
ylhz/ 9:/ 970:81
^88` Vdpxhovrq/ S1D1 +4<7:,/ Irxqgdwlrqv ri Hfrqrplf Dqdo|vlv/ Fdpeulgjh/ Kdu0
ydug Xqlyhuvlw| Suhvv1
^89` Vdpxhovrq/ S1D1 +4<89,/ Vrfldo lqglhuhqfh fxuyhv/ Txduwhuo| Mrxuqdo ri
Hfrqrplfv/ :3/ 40551
^8:` Vfkxow}/ W1S1 +4<<3,/ Whvwlqj wkh qhrfodvvlfdo prgho ri idplo| oderu vxsso|
dqg ihuwlolw|/ Mrxuqdo ri Kxpdq Uhvrxufhv/ 58/ 8<<09671
^8;` Vwudxvv/ M1/ J1 Pzdex dqg N1 Ehhjoh +5333,/ Lqwudkrxvhkrog doorfdwlrqv= d
uhylhz ri wkhrulhv dqg hpslulfdo hylghqfh/ Mrxuqdo ri Diulfdq Hfrqrplhv/< /
DHUF Vxssohphqw 4/ ;604761
^8<` Wkrpdv/ G1 +4<<3,/ Lqwud0krxvhkrog uhvrxufh doorfdwlrq= dq lqihuhqwldo ds0
surdfk/ Mrxuqdo ri Kxpdq Uhvrxufhv/ 58/ 96809971
^93` Wkrpvrq/ Z1 +4<<7,/ Frrshudwlyh prghov ri edujdlqlqj lq U1M1 Dxpdqq
dqg V1 Kduw +hgv1,/ Kdqgerrn ri Jdph Wkhru| zlwk Hfrqrplf Dssolfdwlrqv1
Yroxph 5/ Dpvwhugdp/ Qruwk0Kroodqg/ 456:045;71
^94` Ydq Suddj/ E1P1V1 dqg P1I1 Zduqddu +4<<:,/ Wkh frvw ri fkloguhq dqg wkh
xvh ri ghprjudsklf yduldeohv lq frqvxphu ghpdqg lq P1U1 Urvhq}zhlj dqg
R1 Vwdun +hgv1,/ Kdqgerrn ri Srsxodwlrq dqg Idplo| Hfrqrplfv/ Dpvwhugdp/
Qruwk0Kroodqg/ 57405:61
^95` Yduldq/ K1U1 +4<;5,/ Wkh qrqsdudphwulf dssurdfk wr ghpdqg dqdo|vlv/
Hfrqrphwulfd/ 83/ <780<:61
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